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Preface "

Nonsc-mduced hearing loss (NIHL) continues to be a significant public
heaith problem. In 1987, the National lnsutute of Occupanoml Safety and
Health rated NIHL as one of the United-States” top 10 work-telated prob-
lems, mvolvmg at Icast+11 million workcrs (NIOSH 1987) The problem is
even morc severc in the. military. ln '1986, the” Veterin's Admxmstrauon
paid 0 ovcr 8167 million for compensauon claims related to NIHL. The prob
lem i ls cqually scrlous in Eutope, wherc over.15 million peopic work in po-

noise envicon "While these statistics arc alarming,
they do not begin to rcﬂcct the pcrsonal hardship, the diminished quality of
fifc, anid the loss'ift pérsonal productivity assocmed with NIHL.

Fortunately, the problem of NIHL has not becn igriored by the scien-
tific commumty and, over the past-decade, considerable progress has been
made in understanding many of the important issucs. The, current volume is
intended to provide the reader with an overview of many of the important
advances that have been made in understanding the basic science and ap-
plied aspects of noisc-induced hearing loss in recent years. For example,
scientists are begxnning to reveal the cellular mechanism of noise-induced
hearing loss; how #cquired hearing. loss is exacerbated by other énviron
mental factors how digital electronics can be usesHn the next generation
of adoustic monitoring devices; and, most rcccntly, how individuals might
be screened for susceptibility t¢"NIHL, These issues and solutions requlrc
the coordinated cfforts of scicntists from quite diverse disciplines. For soci-
ety to use the new information and. for scientists to continue to make
progress, it is important to have 2 forum in which progress can be dis-
cussed and integrated to develop directions for new reseaich.

In 1975, members of the Organizing C¢ , with support from
NIOSH, hosted an International Eonference on the problcm of NIHL. The
conference brought together experts from most of the disciplines con-
cerned with NIHL. Each participant presented a critical review of a topic
along with the individual’s own recent contributions, The papers and dis-
cusslons of the symposium were published and became-a standard refer-
ence. Since then, two intemational conferences have been held, one in
1980 and another in 1985, Collectively, the proceedings from these confer-
ences have become one of the most definitive sources of information on
NIHL and have had a direct impact on noise legislation,

In the five years since the last conference, significanil:advances have
been made in understanding both the basic science and the applied aspects
of NIHL. The most recent conference was held in Beaune, France, May 28~
30, 1990, and the procecdmgs of the conference forms the basis of this

book. The papers contained in this volume have been divided into seven.

sections, which focus on important basic science and applied issues de-
scribed below,

1. Cochlear Mechanisms of NIHL. Basic scientists working on the
mechanics and biochemistry of the cochlea have begun to study the
changes associated with NIHL The application of Iaser interferometsy is w.-
ginning to teveal the complicated interrelation between the vibrational pat-
tern of the cellular subsystems within the cochlea and How they change
with- NIHL, Auditory physiologists continue to document the complex set
of changes in the neural code from cochleas damaged by noise, while other
laboratories are studying the physiology of hair cells from noise-damaged
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cochleas. Research on cochlezr echoces in normal and pathologic cars can
now be intespreted in (cmsofconuollcddnngcsmoodﬂarmcdmxs.
Collectively, these results have imp p for
the cochlear changes associated with NIHL

(-

2. Central -Changes in NIHL The diects of noisc arc typically
thought to be hmucd to coctlear function. Howerer, recent anatomic and
physiologic data suggest uuri?cnphcnl han.ng loss may influence central
audstory processing. This information may be i for both ¢
sation and rehabsbitation strategics.

3.  Co-factors in NIHL. The rclation between 2 given noise exposure
and the degree of hearing loss is not s:mplc. Itis panu.ﬂ) mediated by
other nonacoustic variables such as vib dmy,:ndccmxn
aitborne pollutzms A better appreciation of these potential interactions is
cm:cal for mxmmnzmg the risk of NIHL in the woskplice. A0, the effects of
noise exyp may be partially mediated by the devefop f stz-
tus of the sub;cct. Data from animal studies point to a “critical™ period in
auditory development that coincides with increased susceptibility to the ef-
fects of noisc. Other studies with aged animals suggest that elderly subjects
are more vulnerable to the effects of noise. It is important to imcgmc this
information and explore the relevance to noisc standards for humans.

4. Performance Changes in NIHL. The problem of NJHL has cap-
tured the interest of psychoacoustics, and the field has méved beyond cor-
relating cochlear pathology with changes in pure tone thresholds. Psychoa-
cousticians have begun to document a wide range of suprathreshold heas-
ing deficits that affect frequency sclectivity, temporal resolution, intensity
coding, and sound localization, These deficits almost certainly comn'bu(c to
p00: spcech perception and need to be considered when designing and fit-
ting hearing aids,

5. Hearing Protection. The current neise standards are lincited to
some cxtent by noisc measurement. Recent developments in digitai clec-
tronics have made possible the dcsugn of more valid monitoring systems
which could be uscful in estil g the power of impulse and im-
pact noisc. In addition, personaf hwing protection devices are not used as
extensively as they might be because of design problems. Active hanng
protection devices may prove extremely useful when communication is
néeded in noisy cnvironments.

6. Susceptibility and Resistance to Noise. Historically, studies of in-
dividual susceptbility have focused on such variables as eye color, sex,
smoking, and heart disease. Although cach of these may have some predic-
tive value, they contribute only 2 small part to the range of susceptibility
seen in studics in NIHL. Recent data suggest that the cfferent system to the
cochlea and the acoustic reflex may protect the auditory system from NIHL.
Individual dufferences in either of these protective mechanisms may con-
trubute significantly to the determination of susceptibility to NIHL. Of par-
ticular interest is the possibility that certain noisc exposures can proteét
the auditory system from future traumatic exposures.

7. Par ters of the Exp e, P; ic studies of

impulse, impact, and intermil noise contil 10 clanfy the |mpomncc
of the acoustic parameters in NIHL, Several laboratories have reported on
the differences (both audiologically and his(olopaﬂl)) between impulse/
xmpact noxse and continuous noise. Thiese results are critical for the evaly-
ation of nvise standards. In addution, studies of isolated hair cells may pro-

jon v s

-

- mteer A - — ¥




-

- rm——— ——— - —

(- 4

PXEFACE x1

ndcapexsixaxrconlbcdnag:snmcm:dmnalpmpausdtbchz
cedls that 2z catsed by exp w

lmponm:dmcsnndemacbcﬂbcsc«ntop-cmzfcpm-
vided by 2 tezm of intermationally experts from 2 broad rznge of
disdp!incs,l( :shopcddmthsbook‘iusa\tzszsouxccfwm
naterial tha will be used 10 ecucate and infonn government officials 2nd
the pablic 25 well 25 10 Simubitc further research that will provide new in-
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CHAPTER |

Mechanical Analysis in the Cochlea
at the Cellular Level

SHYAM M. KHANNA
AKE FLOCK
MATS ULFENDAHL

Thc use of an optical secttoning microscope
and a heterodyne interferometer in combina-
tlon has allowed us to measurc the individual
ccl.ular mechanical responses in a guinea pig
temjorsl’ bone preparation in response to
sound applied to the ear. The initial obscrva
tions In this preparation were reported carlicr
(ITER, 1989). The onginal method had several
Limitations, and we have tned to reduce or
climinate them in a systematic way. Some of
these limitations were as follows: (l) because
the preparation was immersed in tissuc cul-
ture medium, it was connected to the sound
source with a long tube; thesefore the sound
pressure could not be measured near the
tympanic membrane (Khanna ct al, 1989¢);
(2) the carricr-to noise-ratio, of the Interfers
ometer was adequate for the measurements
on the Hensen'’s cells, which had higher re-
flectivity, but only marginal for other struc-
tures; (3) .the dipping cone used on the
objective lens for vibratton measurements in
the cochlea did not have sufficient working
distance for measurements of mallcus vibra:
tion, needed as a reference for the cochlear
vibratory response.

These limitations were removed by the
following improvements in the measuring sys-
tem: (1) the length of the tube connecting the
acoustic fucer to the preparation was
shortened to a minimum, and a flexible probe
microphone tube was designed so that sound
pressure could be measured at the entrance of
the bony meatus within a few millimeters of
the tympanic membrane; (2) the interferome-
ter performance was improved by a series of
steps that included (a) use of a lens of higher
numerical aperture, (b) reduction ¢f internal
light losses in the interferometer to Maximize
the power reaching the photodetector, (¢)

usc of a detector with lower noise, (d) im-
provement in the alignment technique, and
(e) incorporation of a piczoclectric translator
system so that micrometric adjustments of the
position of the temperal bone could be made
duting the measurements. This system allows
us 10 maintain.the carrier level near the mani-
mum value throughout the experiment.

These improvements enable us to regu.
larly measure the vibratory response of co-
chlear structures of low reflcctivity, such as
the outer hair cells and the basilar membrane.
The mcnaurcmems are highly repeatable and
can now be made over a wider frequency and
amplitude range.

One of the most puzzling issucs raised by
our previous measurements was the relation-
ship between the outer hair cell and the basie
far membrane vibrations (Khanna ct al, 1989a)
‘This issue can now be investigated further us
ing the improved technique of measurement.

Methods

Young, pigmented guinea pigs were used
for the measurements. The technique of pre-
paring the temporal bone and opening the co-
chlea was described eatlier (Ulfendabl et al,
1989ab) The temporal bone, immersed m
oxygenated tiisue culture medm, was
mounted on a holder and attached to the mi-
cropositioning system of the microscope-in-
terferometer. The cochlear structures were
viewed through an objective lens (Olympus
ULWD MS PLAN 20x) with a custom-built
dipping cone (for immersion) at a 6-mm
working distance.

The cochlea was viewed with the optical
sectioning microscope (Koester et al, 1989),
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Figure 1-1 Sound pressurc amplitude in microbars (A), and phasc in degrees (B), measured as a function of fre-
quency at the entrance to the bony ear canal for 2 constant input voltage of 2V peal, apphied to the acoustic system

and the ccllular vibrations were measuted
with the heterodyne interferometer (Willemin
ct al, 1989), in response to sinusoidal acoustic
signals applied to the car. The signals were
generated, recorded, and amalyzed- digitally
(Lund and Khanna, 1989).

The x, y, and z coordinates of the mea.
surcment points were determined with 1.um
resolution, using a Mitutoyo position measur-
ing system connccted to the micropositioning
sysiem (Khanna et al, 1989d). The position of
the measuring beam with respect to cellulae
structures could then be compared with the
anatomically measured distances betiveen
these struatures (Kelly, 1989a,b; Kelly et al,
1989).

The measutements were made from the
left temporal bone in the third turn at a posi-
tion approximately 16 mm from the basc of
the cochiea. The results reported here are
from one experiment, but data supporting
these findings arc available from several other
experiments. It has been shown that the re-
sponse of the cells deteriorates with time (UL
fendah!-¢t al, 1989¢); thas, the first response
was measured within 1 hour of the time of de-

capitation, and measurements were continued
for another hour.

-Observations
Acoustic Measurements

The sound pressute generated at the en.
trance of the bony auditory meatus when a si-
nusoldal signal of 2 V peak amplitude is ap-
plied to the acoustic system s shown in Fig-
ure 1-14. The frequency response in the tem-
poral bone preparation 15 relatively flat: over
the 2kHz frequency region. However, the
notch at 120 Hz is not regularly seen, The
maximum value of the sound pressure that
can be produced by our present acoustic
transducer is about 104 dB SPL

‘The phase of the acoustic signal with ref-
erence to the phase of the clectrical input to
the sound system is shown in Figure 1-18. The
linear slope of the curve is ~0265 degrees
per Hz. This is mainly due to the propagation
time in the sound tubes connecting the acous-
tic transducer to the ear canal of the prepara-
tion. Because the probe tube measuring the
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Figure 1:2 A, Mallcus wibration amplitude in meters pee mictobar, B, Phase in degrees measured 25 a function of

frequency.

sound pressure is now located close to the
tympanic membrane, the cffects of these tubes
on the measurements can be accounted for, A
two-channel recording system allows the vi
biation measur with the interf

to be recorded simultancously with the sound
pressure; therefore, the acoustic input can be
used as a convenient reference to describe the
vibratory response.

The immersion of the middle car in the
finid, however, alters the vibratory response at
any given sound pressure level and frequency
from the normal condition—iec., when the
middle car cavity is filled with alr (Dccmcmer.
unpubtished observation). To take this change
into account, it is important to have an addi-
tional referénce that reflects the actual middle
car vibration whether the cavity is fluid filled
or not.

Malleus Vibration
Characteristics

Malleus vibration amplitude measured as
a function of sound pressure level at the en-

trance of the bony meatus can be employed as
a reference for the vibratory response mea-
sured in the cochlca under the same experi-
mental conditions, The inner-ear responses
can then be described in terms of the malleus
vibrations,

In the guinea pig ear, it is anatomically
impossible to view from the middle car side
the manubrium of the malleus at an angle per-
pendicular to its direction of vibration, be-
cause the cochlea blocks thus view (Khanna ct
al, 1989¢c). With the new long-working dis-
tance (6 mm) dipping cone, the manubrum
of the malleus can be observed at the best
possible viewing angle. However, at these ob-
lique angles, the response shape is highly an-
gle-dependent, The use of the malleus vibra-
tion as a reference therefore ¢ a vari-
able that varies from preparation to prepara-
tion. Expeniments are now under way to
determine the magnitude of this angle-depen.
danvarinbility.

The vib calcu-
lated for 2 conse.nt sound prasure Yevel of 1
pbar at the entrance of the ear canal is shown
in Figure 1-2A. The response amplitude in-
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Figure 1.3 Vibration amplitude measured In meters per microbar 2s a function of frequency, Measutements were
made in & radial direction moving from the outer bony edge of the cochlea inwards. Input voltage to the acoustic
system was muintained constant at 20 V peak, Basilar membrane, 0 pm (solid hiace). Basilar membrane closer to the
Hensen's cell edge, +25 pm (dotted line) Hensen's cell outer edge, +58 pm (dashed Hoe) Hensen's cell innet

edge, + 111 pm (dashed dotted Hoc), Sccond row outet hae cell, 187 pm (dashed teiple dotted lae)

creases with frequency from 25 Mz, reaching a
peak in the 120-Hz region, Thereafter, the re-
sponse decreases with increasing frequency at
a rate of roughly 12 dB per octave,

The malleus vibration phase measured
with reference to the sound pressure phase at
the entrance of the auditory meatus is shown
in Figure 1.2B, The phase angle decreases
from +180 degrees w0 0 degrees from 25 to
170 Hz and remains at nearly 0 degrees up to
1900 Hz.

Cellular Vibration
Characteristics

The vibration amplitude measured from
selected cells is shown as a function of fre.
quency in Figure 1-3 for a constant sound
pressure of 1 pbar, The measurements can be
made along a radial trach, moving inward from
the peripheral part of the basilar membrane
across the organ of Corti towards the modio-
lus, I this experiment, the vibration was mea-
sured (1) at two locations on the perspheral

part of the basilar membrane, attempting to
mahe the sccond measurement as close to the
border formed by the outer edge of the Hen.
sen’s cells as technically possible; (2) at two
locations at the Hensen’s cell region, near the
outer edge and close to the inner edge; and
(3) at a sccond-row outer hair cell,

‘The vibration amplitude mcreases pro-
gressively on the basilar membrane as we
move inward, reaching a maximum at the
outer edge of the Hensen's cell region. The vi-
bration amplitude of the Hensen's cells at the
outer edge is about four times higher than that
of the basilar membrane just below it. The vi.
bration amphtude of the cclls on the reticular
lamina decreases progressively as we move
further inwards, These obscrvations confirm
those previously reported (Khanna et al,
1989a,b). As reported before, the shapes of
the tuning curves at all points measured are
similar,

The basilar membrane vibration amplhi-
tude increases as we move inward, closer to
the Hensen’s cells. At present, we are unable
to measure the basdar membrane vibrations
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Figure 1-4 Vibration phase cotresponding to the amplitude curve shown in Figure 1-3 (reference phase acoustical
signal). Basilar membrane, 0 pm (solid line). Basilar membranc closcr to the Hensen s ccll edge, +25 pm (dotted
line). Hensen's celd outer edge, +58 um (dashed linc). Hensen's cell innes edge, + 111 pm (dashed dotted line).
Sccond row outee hair ccll, +187 pm (dashed triple dotted line).

further inward, l.c., at the part underlying the
organ of Corti, because the interferometer sig
nal becomes too weak as the measuring beam
penctrates the cell layers overlying the mem.
brane.

Vibration phase corresponding to the am-
plitude curves of Figure 1-3 is shown in Figure
14, The reference in these figures 15 the
sound pressure phase, The slope is approxi
mately linear. In the region of 250 to 1300 Hz,
its value for the basilar membrane curve is
=055 degrees per Hz, The slope is progres-
sively stecper for outer hair cells and Hensen’s
cells. Beyond 1300 He, the slope of the curve
begins to decrease, In this region, the phase
curves diverge more from cach other,

Ratio of Cellular Amplitude
and Malleus Amplitude

The cellular vibration amplitudes shown
in Figure 1-3 were divided by the malleus vi-
bration amplitude shown 1n Figure 1-24. The
results are shown in Figure 1-5. The peak of

the response is at 940 Hz, The responsc in-
creases with frequency between 50 and 200
Hz with a shallow slope (=~ 12 dB per octave)
and then with a steeper slope of varying de-
gree as it approaches the resonance peak. Be-
yond the resonance peak, the response drops
off and the slope becomes progressively
steeper with increasing frequency.

Curves obtained by subtracting the
malleus vibration phase (Fig. 1-2B) from cellu-
lar vibration phase (Fig. 1-4) arc shown i Fig-
ure 1-6. These curves show the same charac-
tenstics discussed with Figure 1-4.

Relationship Between the
Outer Hair Cell and Basilar
Membrane Response

The basilar membrane vibration ampli-
tude was divided by the outer hair cell vibra-
tion amphtude (Fig 1-3), the results are
shown in Figure 1-7, In the regon ncarest to
the Hensen’s cell (dotted line), the ratio is
nearly 1;1 at 70 Hz and above 1600 Hz, The
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Figure 1.6 Vibration phasc shown in Figute 1-4, refetred to the malleus vibratton phase. Basitar
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ratio is about"1:2 in the region between 200
and 900 Hz The curve for the position to-
wards lhc outer edge follows a sinular pattern,
although'ihe ratios are lower in magnitude,
The phase difference between the basilar
membrane vibraions and the outer hair cell
vibrations is shown in Figure 1-7B. The differ-
ence is nearly 0 degrees between 150 and 650
Hz. It increases with frequency and reaches a
maximum value of ~90 degrees at 1750 Hz
(sohd line). The phase difference is §

bration amplitude to the outer hair cclf vibra-
tion amplitude with frequency suggests that
the driving is more cfficient near the reso-
nance frequency and less cfficient at frequen-
cics both below and above the peak fre-
quency. This ratio is different in each experi-
ment and changes with time in the same pop-
ulation,

The basilar membrane vibration ampli-
tude increases as the point of measurement
moves i d. We do not know if this ampli-

dependent—i ¢, it is smaller at the pcnphcral
position on the bastlar membrane (dotted
fine).

Discussion

The close similarity between the fre-
quency fesp of the wit of the
outer hair ccll and the vibrations of the basifar
mermbrane, and the nearly zero phase angle
between them, clearly indicate that the two
responses are  closely tied together. The
change in the ratio of the basilar membrane vi-

tude continues to increase as we move further
inwards underncath the Hensen’s cell and
outer-hair cell regions. If the basilar mem-
brane vibration were to increzse under these
cells to 2 magnitude comparable to that of the
Hensen's cells and they both vibrated with the
same phase, it would suggest that the basilar
membrane is driving the organ of Corti In this
casc we may not be able to explin why the
direction of maximum wibration 15 along the
axis of the outer hair cells (Khanrz-ct al,
1989¢), because this axs is inclined at an an-
gle of approximatcly 27 degeees to the planc
of the basdar membrance (Kelly, 1989b). We

AT 1 1 M e a
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could a0 not exphain the changes seen in the
cellulzy tuning 2long the radial axis of the co-
chica (Khanna ¢t al, 1989b). To answer these
qucestions properdy, it would be necessary 10
measure the vibsations at both the top and
botiom of the cclls i the orgzn of Corti
Tecdhmical improvements in-thc system 2rc
now under way to make it feasibie:to relate
the vibration pattem of the cclls of the orgin
of Corti to the motion of the basiler mem-
brane beneath the organ.

Analyse Mécanique au
Niveau Cellulaire dans la
Cochiée

12 mesure de 12 réponse mécanique au
nivezu cellulaire dam 12 cochlée est dﬂcnuc
possible avec un i qui combire un
microscope confocal et un interférométre hét-
érodsric.

Les vibrations cclluhxm mcsurccs n rc-

2 un st Ii a
Toreille réstlent un mchngc complcxc de ré-
-ponscs non-linézires continues c2 alternatives.
Ces réponscs varient avec: (1) 1a position radi-
ale; (2) la position longitudinale; (3) 12 pro-
fondeur; (4) I'angle de mesure; (5) Ia fré-
quence du-<ignal; (6) Famplitude du signal;
(7) 1a condition méubolique de Ia ceilule.
Bien que de nombreuses expériences soient
encore nécessaires pour comprcndrc Torigine
de ces réponses ct pour fes caractériser, unc
image prélimimaire émerge selon laquclle Ia
transduction auditive scrait un procédé haute-
ment d)-nzmnquc qui comprendrait Ies effets
combinés des réponses cellulaires de-différ-

cnts types.
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CHAPTER 2

Effects of.Intense Acoustic
. Stimulation on the Nonlinear
Properties of Mammalian Hair Cells

ALAN R. CODY
IAN J. RUSSELL

In the mammalias, cochlea, two forces act 10
reduce the abihity of the primary mechanore-«
ceptor to produce voltage. responses to high.
frequency acoustic stimuli. First, frictional
forces in the fluidfilled compartments damp
the wibration of the cochlea partition, Second,
the capacitise clectrical propertics of the hair
cell membranes effectively low-pass filter the
phasic or AC components of the receptor po-
tential at the rate of approximately 6 dB per
octave above about 1 hHz (Russell and Scllick,
1978; Russell and Palmer, 1986). In theory,
the combination of these two forces should
make it progressively more dufficult for an ani-
mal to detect acoustic stimuli above I kHz.
The fundamental problem of detecting high-
frequency sounds appears to bave been over-
come in the mammalian cochlea by two scpa-
rate nonlinear mechanisms, both of which op-
posc or reduce these effects and act to cstab-
lish the high degrees of frequency sclectivity
and sensitivity that are features of the cochlea.

Another source of-nonlinear behavior in
the cochlea is that associated with the vibra-
tion of the cochlear partition. Direct measure-
ments. of basilar membrane micromechanics
reveal that for any single position along the
cochlear duct, the displacement of the mem-
brane is highly tuncd (Khanna and Leonard,
1982; Scllick ct al, 1982). This tuning is labile
and susceptible to cochlear insult in the form
of loud sounds, anoxia, and specific damage to
the outer hair cells (sce Patuzzi and Roberts
son, 1988, for a review). More recently, this
group of cells has been shown to have moule
properties when placed in an alternating elec-
trical field (Brownell ct al, 1985) or during in-
traccltular injection of AC or DC current (Ash-
more, 1987). This evidence, coupled with the
observation that the cochlea can emit sound
(Kemp, 1979), has led to the proposal that
outer hair cells (OHCs) in the mammalian co-
chica may, through their motile propectics, in-
ject mechanical energy back into the basilar

One source of nonlinearity is the ducer

conductance of the hair cell. In response to si-
nusoidal stimuli delivered either as an acous-
tic stimulus to the cochlea or as a direct dis-
placement of the stereocilia of the individual
hair cell, the receptor potential becomes
asymmetrical, which results in a steady-state
or DC component (Russell and Sellick, 1978;
Russell et al, 1986, Hudspeth and Corcy,
1977). This potential is not influenced by the
capacitive electrical properties of the cell
membrane, therefore, the hair celf can pro-
duce cxcitatory potentials to high-frequency
stimuli,

memt in a frequency- andsnhase-depen-
dent manner that acts to enhance the displace-
ment of the partition (Neely and Kim, 1986,
Weiss, 1982; McMullen and Mountain, 1985).
This cffectively counteracts the viscous damp-
ing forces in he cochlea, It would appear,
thercfore, that the cochlea has solved the two
fundamental problems relating to the detec-
tion of high frequenty acoustic stimull,

After overstimulation, the cochlea’s ability
to detect high frequency stimuli is reduced
(Cody and Johnstone, 1980), Presumably, this
means that either the cochlear micromechan
ics or the nonlinear properties of the hair cell,

11




12 COCHLEAR MECHANISMS

or 2 combination of the two, have been modi-
fied. Thus, the supposition s that 2 Joss of the
nonlinear properties of the cochlea after
acoustic overstimulation may contribute to, or
underlic, noisc-induced hmng Toss. Intracel-
lular data from both inner and outer hair cells
recordad in the basal coil of the guinea pig co-
chlca tend to support this supposition in that
the responses of these two hair celt groups 1o
acoustic stimulation become increasingly tin-
car during and after exposure to loud sound.

Methods

The specific methods for the intracellular
recnrding of resp from lian hair
cells have been extensively documented in a
numbez of previous publications (Russell and
Sellick, 1978; Cody and Russell, 1985). Access
to the hair cells is via a small hole shaved in
the bony wall of the basal turn or high fre-
quency end of-the cochlea, where best fre-
quencics for receptors usually fall between 16
and 22 kHz. Glass micropipettes with nominal
impedances of between 80 dnd-120 MM52 (3
M KCI) are advanced under visual guidance
through the undrained perilymph of the scala
tyrapani into the organ of Corti, Receptor cell
types are usually classified according to their
responses to shaped acoustic tone bursts, their
location with respect to the inner sulcus (ra-
dial aspect), and the depth of the recording
site while one moves from the scala tympani
to the scala media (vertical aspect), The raw
data were stored on magnetic tape and then
digitized for offlinc analysis. Cellular har-
monic responses to pure tones were deter-
mined using the fast Fourier transform and in
some cases 2 lock in amplifier.

Intracclular stability of the recording is a
particular problem in studics of noisc-induccd
hcaring loss, presumably because of the larger
excursions of the organ of Corti at high sound
pressure Ievels. For this reason, the duration
of the traumatizing tone (which is presented
half 2n octave below the estimated character-
istic frequency—CF—of the cell) was re-
stricted to periods of cither 15 or 30 seconds
at a level not exceeding 110 dB SPL (SPL re
20 pPa). These restrictions meant that the lev.
els of hair cell desensitization were low and
that the ‘recovery periods were accelerated
when compared to cochlear desensitizations
induced by louder and fonger overstimula-
tions. This reduced the amount of data that
could be collected in any single run, To maxi-
mize the information recorded from the hair
cell, multiple presentations of the stimuli and

averaging of the ccllular responses have not
been attempted. As 2 result, the data tend to
be noisicr and more variable. In addition, hair
cell responses to any single stimulus depend
on the frequency and intensity of the preced-
ing stimuli. Multiple presentations of stimuli,
particularly at high Ievels, can result in 2 mod-
ified responsc of the cell when compared to
responses to single stimuli. This problem was
reduced by not attempting multiple presenta-
tions of the stimulus, and by adjusting the in-
terval betwneen the presentations of the test
tonc, so that the cellular response was not in-
fluenced by the preceding tone.

Results

Hair Cell Responses to
Acoustic Stimuli

Typical hair cell responses to. low- and
high-frequency tones-before and after expo+
sure to a loud tone (110 dB SPL, 12.5 KHz) are
shown in Figure 2-1. Ja the sensitive cochlea,
the inner hair cell (IHC) response to a low-
frequency tone (600 Hz, 65 dB SPL) demon-
strates a depolanizing asymmetry of the recep-
tor potential (Fig. 2-14). This asymmetry is re-
corded at all Ievels of the stimulus and facili-
tates the identfication of the IHC. Receptor
potentials in these cells can approach 30 mV
peak to-peak for sound pressure levels of 70 to
100 dB, and there is a substantial DC compo-
nent. In contrast, the OHC demonstrates a
predominantly hyperpolanizing receptor po-
tential when stimulated at the same intensity
and frequency (Fig. 2-1B), However, the sym-
metry of the receptor potential is level-depen-
dent, changing from symmetrical at low stimu-
fus levels to hyperpolarizing and then revers-
ing to grow in the depolarizing phasc for stim-
ulus intensitics above about 70 dB SPL
(Russell et al, 1986). Maximal peak-to-peak
potentrals approach only 8 to 10 mV, and the
DC component of the receptor potential is
small an comparison with that recorded for
the IHC, even at the highest intensities. When
the stimulus s delivered at higher frequencies
(18 kHz, 65 dB SPL), the IHC response (Fig.
2-1C) is then scen only as a DC potental, be-
cause the phasic component of the potential
has been filtered by the low-pass electrical
propertics of the cell membrane and the re-
cording electcode (Russell and Scllick, 1978).
For stimuli at 18 hHz and similar levels, the
OHC shows only a small (1 mV) depolatizing
DC receptor potential, with maxmmum amph-
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Figure 2-1 Hair cell responses 1o low stimulus (4, IHC~600 Hz, 68 dB, B, OHC==600 Hz, 78 dB) and high sum
tlus (G, IHC— 18 Kz, 68 dB, D, OHC— 18 kiiz, 78 ¢B) frequencies. E, IHC teceptor potential to 2 600 Hz (85 ¢B
SPL) tone before (solid lines) and immediately after (dotted Jiric) exposure 0 a Joud tone. F, The OHC response to
the same acoustic stmuld, In this portion of the figure, the arrows at either end of the trace indicate the pretrauma
membrane potential of the cell, The traces shown in G and H are the receptor potentials gencrated by the same
stimuli used for the IHC and OHC In € and D, respectively, immediately followsng the loud tone.

4 tudes reaching only 3 to 4 mV at sound pres-

sures of 110 to 115 dB (Fig. 2-1D).

, A summary of the OHC and IHC re-
sponses produced in differcnt: animals to
acoustic ovesstimulation is shown in the
lower half of Figure 2-1. Immediately follow-

. ing the loud tone, both.the IHC (Fig. 2-1E)

5 and the OHC (Fig. 2-1F) show a decrease in

the amplitude of the receptor potentials in te-

sponse to a 600 Hz tone (dotted line). The

HHC also demonstrates a phase lag of approxi-

mately GO dcgrees following the loud tone,

which recovers within 2 few cycles. The OHC
shows an elevation of the membrane potential
that is not seen in the IHC, but there is no ob-
vious change in the phasc of the receptor po-

tential, The loss in amplitude of the THC re-

Y ceptor potential is restricted to the depolariz-

ing phase. In the OHC it is difficult to deter-

} mine symmetry because of the repolanization

of the membrane potenual (Fig. 2-1F) For

higher-frequency test tones (18 kHz, 65 dB

SPL), it is apparent that the DC component of

the receptor potential was abolished for both

cell groups (Fig. 2-1G,H).

The response of the OHC and the THC
during the loud tonc is seen more clearly in
Figure 2.2, The most striking feature=of this
figure is the difference in behayior of the two
cell types to the loud tone, OHCs show an in-
creasing depolarization during.the-tone that,
in this example, plateaus after about 20 sec-
onds. At the end of the tone, the membrane
potential remains elevated but recovers within
15 seconds at a rate of 0.166 mV per second.
The recovery 1s not linear but can be approxi-
mated by a single exponentsal function with a
tume constant of about 4.5 seconds. In con-
trast, the IHC shows classic “adaptation” for
the duration of the loud tone and hyperpolar-
izes at the offsct. Repolanzation takes place
with a similar ime constant to that recorded
for the repolarization of the OHC For the IHC
the adaptation is intensity- and frequency-de-
pendent, and is generally scen only for expo-
sure durations exceeding a few hundred milli-
seconds, The resistance change recotded in
the IHC during the loud tone mirrors the 2d-
aptation of the receptor potential, suggesting
that this phenomenon is not an intrinsic prop-
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Figure 2.2 Inncr hiir cell (JHC) and outer harr cell

(OHC) responscs 10 3 12 5 \Hz continuous tone deliv-
ered at 110 dB'SPL for 30 seconds. Tic horizontt line
in the middle of cach part indicates the resting mem-

brane potential recorded in the cell beforg the Toud
tone was presented, The bar between the two parts in-
dicates the Juraton of the foud tone,
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Figure 2-3 Receptor potentral amphitude plotted as a percentage of pre-cxposure contro) levels for an IHC and an
OHC. Each posnt (solid triingles) represents the receptor potential amplitude determuned at 200 ms intervals fol
lowing the foud tone, The inset figure reflects the same data, but the IHC receptor potential amplitude is plotted as
afunction of the OHC membrane potential (solid circles). The 125 kiz exposure tone was presented for 225 ms.
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crty of the hair cell, but rather a result of de-
‘creasing mechanical dnsplaccmcnx of 1ts stereo-
cilia, ~

‘The elevation of the OHC membrane po-
tentiat -fvould appear to be intimately related
to cochlear sensitivity, as shown i in Figure 2-3.
The recovery of the: IHC DC responses to
tones’ at their CF (sce Figure 2.3, inset) is
closcly correlated (= 0.97) with the recov-
ery of the OHC membrane potential. The-re-
covery of the low-frequency peak:to-peak am-
plitude of the receptor potcnual for both hair
celis is also closely correlated (r* = 0.99)-Be-
cause the IHC and the OHC responses to test
fones recover at a similar rate, the orxgmal Toss
In sensitivity of both hair cell groups may asise
from a common mechanism or site,

Hair Cell Tuning
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Following the loud tone, a change in cell
sensitivity is recorded for both the IHC and
the OHC in the AC' component of the-receptor

-poténtial, and for thie IHC in’ the DC compo-

nent of the receptor potenual This is seenasa
loss in sensitivity that is maximal around the
CF of the cell, with-minimal chnga in the
“tail” sensitivity or, as is shown in Figure 2-4,
small increases in .’cnsmvny However, it is
appar.nt from this_figure that there is litde
changc in the OHC'DC component. “This fid-
ing is compllcated by the fact that the DC tun-
ing of the OHC dempstratés a Jevel depen-
dence not récorded - “fathe JHC. Figute 25
shows two dnffercnt is0-SPL, rather than isoam-

+plitude, tuning cuives for an OHC recorded in

the basal turn of the guinea pig cochlea before
and after acoustic overstimulation. At rela-
tively low average SPLs (55 dB), the tuning of
the DC receptor potenna. is complex, show-
ing a triphasic chmcter below and around the

One of the features of the lian co-
chlea is the high degrec of fréquency selectiv-
ny of its receptors, This is shown in Figure 2.4
in the isoamphzudc wining curves for the AC
and DC components of.the hair cell receptor
potential for the IHC and the OHC. Isoamplic
tude in this case is the amphtude of the recep-
tor pot"nml recorded imraccllularly at the
threshold of detectability for the compound
action potential (CAP) of the auditory nerve.
At a single recording location along the- co-
chlea partition, both the IHC and the OHC
show similar (uning properties with a high de-
gree of selectivity for stimulus frequencies at
and around the CF of the cell, It is obvious
from Figuré 2+4 that the AC component is
highly tuned and little different between the
HC and the OHC. However, the DC compo-
nent gecorded from the two cell types is sig-
mﬁcaml) different, particulacly in terms of its
level ‘dependence. In the most seasitive ani-
mals, IHCs will produce DC receptor poten.
tials to CF tones at sound pressure levels as
low as 0 dB SPL. In the OHC, significant depo-
latizing DC receptor potentials ar¢ not re-
corded until stumulus levels reach 70 to 80 dB
SPL. At this point, the AC component of the
receptor potential is showing signs of satura.
tion, In view of this disparity, the amplitude
used to construct the DC tuning curve for the
OHC in Figure 2-4 has been fixed at the ampli-
tude used for the IHC (0.8 mV). Around the
CF, the OHC does show 2 degree of tuning
similar to that of the IHC, but the curve is ele-
vated by about 55 dB in this frequency range,
whereas little difference 18 scen for the “tail”
or low-frequency regions of the tuning curve.

pr § CF of the celt, If the iso-SPL is raised
to 85 dB, then the.DC component of the haie
cell demonstrates simpler tuning, similar to
that shown in Figure 2-4. Following acoustic
overstimulation- (lowcr pane}), the low-level
triphasic response is lost, whereas the steuc
ture for the higher level iso-SPL curve has
been maintained, although reduced in amplic
tude. This complex tuning (if it can be called
tuning) has been recorded in all OHCs to
date, although cells vary significantly. In some
respects, the tnphasic mature of the curve
demonstrates a remarkable similatity to the
frequency-dependent basilar membranc bias
shown by Le Page (1987).

Hair Cell Responses
to Acoustic Overstimulation

If a low-frequency tone and the high-fre-
quency traumatizing tone are delvered simul-
tancously, the hair cells' response to the low-
frequency tone s seen to be substantially al-
tered by the trauma, This is shown in Figure
2:6 for an IHC, The amplitude of the receptor
posential 1s substantially reduced and, more
1mponamly, the depolarizing asymmetry of
the receptor potential 15 lost and even re-
versed to becoms predominantly hyperpolar-
1zing for all but the highest stimuldis levels In
Figure 27, the AC components (fundamental
component, first even and first odd hazmonic
components) and the DG component of the
receptor potential for the hair cell shown in
Figure 2.6 are plotted as a function of mten-

-sity for 2 stimulus frequency of 270 Hz both
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before and during the loud tone (12,5 kiz,
i 110 dB SPL). At the,lowest SPLs, the funda.
mental component shows a significant loss of
sensitivity, but at higher levels (101 dB) ap-
| proaches the pretrauma peak amplitudes, On
average, the harmonic components arc also re-
duced during the loud tone, but level depen-
( dence for them is not as clear-cut as it is for
the fundamental component. 'The DC compo-
nent of the receptor potential shows an in.
crease at the lowest levels when compared
[ with pretrauma ampltudes, followed by a de-
crease at higher levels, finally reversing to
grow again at 101 dB SPL. This trend mirrors
the changing symmetry of the receptor poten-
xiaGI shown i the raw data plotted in Figure
20,

For the OHC (Fig. 2-8), the greater loss in
amphitude is obvious when compared with the
IHC, and it is only at the highest level that the
structure of the receptor potentsal can be secen

Figure 2.6 IHC receptor potentlals generated in re
sponse to a 270 Hz tone delivered at the SPLs indicated
to the right of cach trace, before and during the simul.
taneus presentation of a 30 second, 13.5%Hz, 110 dB
$PL loud tonc.

in the raw data, An cxamination of the behave
for of the AC components of the receptor po-
tential .(Fig, 2:9) reveals similar changes dur-
ing the loud tone 1o those seen for the 1HC:
the harmonic and fundamental components
are substantially reduced at most amphtudes.
In this patticular cell, the DC component ap-
pears to be relatively unaffected at the highest
stimulus levels, but reduced between 70 and
80 dB SPL.

In addition to the modifications of the
amplitudes of the AC components of the re-
ceptor potential, the fundamental and the
harmonic components of the receptor po-
tential show significant phase changes during
the loud tone (Fig. 2-10), For both the 1HC
and the OHC, the phase of the fundamental
component remains relatively stable at ali
stimulus levels 1n the pretrauma petiod. Dur-
ing the loud tone, the phase of this compo
nent changes substantally with increasing
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stimulus level of the low-frequency: tone, als
though at the highest stimulus levels (101 dB
SPL) the phase retums to the pretrauma vale
ues,

The loss of the nonlinear properties of
the cochlea can also be shown by modifica-
tions of the symmetry of Lissajous figures for
the IHC and the OHC (Fig, 2:11). These
figures represent an instantancous transfer
function of the cell response to a presumed
sinusoidal stimulus to their stereocilia, Both
the cxpansive and the compressive ngnlincar
responses of the THC (Fig. 2-114) and the
OHC (Fig. 2-11B), respectively, are clearly
scen for the Lissaj figures ¢ ted
for the low-frequency stimulus alone (IHC—
600 Hz, 65 dB SPL; OHC—GOO Hz, 85 dB
SPL). In the presence of the high frequency
tone (13 kHz, 110 dB SPL, 15 seconds), the
Lissajous figures become much more lincar, as
indicated by their increased symmetry, Fol-
lowing the loud tone, the nonlinear propertics
of the OHC (Fig. 2-11D) and the nonlincar
properties of the IHC (Fig. 2-11C) show a
rapid recovery, although the IHC amplitude
has not fully recovered. (The individual traces
in Fig. 2.11C and D represent the instanta.

Figure 2-8 Quter hair cell (OHC) receptor potentials
generated In response 10 a 270 Hz tone dehvered at
the SPLs indicated to the right of cach trace, before and
during the simultaricous preseatation of 2 30 second,
13.5 Kz, 110-dB SPL loud tone,

neous transfer functions of the cell taken 5
scconds and 15 seconds after the loud tone.)

One final method of examining the non.
lincar cochlear responses to loud tones is to
calculate the so-called f,:f; and AC:DC ratios,
‘These ratios represent the relative amounts of
distortion that are present in the receptor po-
tential with respect to the fundamental AC
component, and can provide some insight into
the nonlinear properties of mechanotransduc-
tion in the cochlea. It is apparent from the in-
tracellular data for an IHC, shown in Figure
2-12, that when the £;:f; and the AC:DC ra-
tios calculated from the IHC receptor poten-
tial gencrated to 2 CF tone (18 kHz, 55 dB
SPL) are compared in the pre- and post-trauma
intervals, the relative amount of distortion in
.the recepior potential has decreased. This is
scen as increases in the respective ratios as 2
result of the distcrtion components (f, and
DC) being reduced by a greater amount than
the fundamental AC component. That 15, the
hair ccll response to the tone has become
more linear. In this particular example, n
which the high-intensity tone was only deliv-
cred for 200 ms, the ratios recovered within
approximately 300 ms,
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Discussion

The data presented in the results snggest
that exposure of the cochlea 1o loud sound ic-
sults in a lincarization of the hair cell response
to acoustic stimuli.-Becausc there are several
possible sources of nonlincar behavior in the
cochlea, it is difficult to pinpoint the origin of
these Josses. By climinating somc sites or
mechanisms it may be possible to narrow the
ficld. Figure 2-13A shows the possible sites for
Iosses in sensitivity in the cochlea

It is important to note that Figure 2-13 re-
lates to low-Ievel threshold losses after short,
loud toncs, and gocs not include possible
mechani: ing large, pet losses
of sensitivity, which are usually 2ccompanied
by obvious morphologic changes of the hair
cell. In this respect, direct disruption of either
the paracrystalline array of actin filaments con-
tained within the individual stercocilia or the
stercocilial rootlets (Liberman ct al, 1986) are
not expected (Fig. 2-134). In addition, sterco-
cilial fusion, foss of tip links, or distuptions of
the lateral crosslinks between. stereocilia are
usually scen only after prolonged exposures at
higher stimalus Ievels (Pickles ct al, 1987).

Another important structure that may
play a role in cochlear desensitization is the
tectotial membrane (TM) (Fig. 2-134). The
membrane is 2 complex structure composcd
of at least three types of collagen (N, V, and
IX) and at least three noncollagenous glycoso-
lated polypeptides, which form striated sheets
within the mztrix of the membrane (Hasko

2nd Richardson, 1988). The high degree of or-
ganization of this matrix is sensitive to Jow
Ca*” levels and is disrupted when the C2°7
chelating agents EGTA and EDTA are 2dded to
the medium; this has the functiona! correlate
of significant reductions in the cochlea micro-
phonic (Tanaka et al, 1980). The TM is also
susccpt'blc to the addition of Na*, which in-
duces irrevers:ble shrinkage (l\mncstcr'Fm,
1978). Little is known about the microme-
chanical propertics of the TM, but some pre-
liminary data suggest that the membrane is 2p-
proximately four times stiffer in the longitudi-
nal direction than in the radial direction
(Zwislocki ct al, 1988). This would correlate
with the apparent morphologic asymmetry in
the matrix of the membrane (Hasko and Rich-
ardson, 1988). On the basis of a recent finding

-that the radial suffness of the TM is substan.

tially less than that of the OHC stercocilia,
Zwislocki and Cefaratti (1989) have proposed
that the mass of the TM and the stiffness of the
stereociia behave a5 2 resonant clement with
a significant role in cochlear frequency selec-
tivity. Any change 1o the mechanical proper-
ties of the T™ that increases its damping, or
any change in the suffness of the OHC sterco-
cilia, will, according to Zwislocki and Ce-
faratti, result in a foss of sensitivity and tuning.

Frictional forces in the fluid filled scalac of
the cochlez act to reduce the displacement of
the partition dtining acoustic stimulation. This
problem increases with increasing stimulus
frequencics. With the discovery that OHCs in
vitto demonstrate cell moulity under certain
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conditior.s (Brownell et al, 1985), and that
mechanical energy can be recorded in the ear
canal (Kemp, 1979), it hzs been proposed that
OHCs generate mechanical forces in response
to sound-induced current flows through their
apical conductances, The resultant potential
changes in the celf evoke small (2 to 15 nm
per mullwolt, according to Santos-Sacchi,
1989).but rapid changes in cell length (at
feast 10 5 kHz, according to Ashmore, 1987).
It is proposed that this “fast™ component of
cell moulity acts to oppose viscous damping
in the cochlea and enhances the displacement
of the cochlear partition. The “slow” or tonic
components of ccll motility, which are seen
after increasing exteacellular levels of K* or
acetylcholine (the presumptive efferent trans-
mitter) or after the initiation of celtular con-
tractile protein activity,_are not thought to
contribute to force generation of OHCs on a
cycle-by-cycle basis, but may well play a role

ir.Setting the position or DC bias of the basilar
riembranc (Zenner et al, 1985).

In vitro experiments on the cell motiisty
of isolated OHCs sugigest that any active forcc-
generating mechanisms postulated as ¢
for cochlear sensitivity and tuning are ex-
tremely robust. Celf length changes in re-
sponse to injected current are stull recorded in
the presence of inhibitors of ATP, in the ab-
sence of calcium, and in the presence of
agents acting against intracellular contractile
proteins and cytoplasmic microtubules (Hol-
ley and Ashmore, 1988). This suggests that the
ccll force-generating mechanism does not ap-
pear to depend directly on ATP or other
known cellular mechanisms that could give
rise 10 cell moulity. This evidence suggests
that force-gencration in OHCs may not be im-
paired following acoustic overstimulation and
may not contnbute to temporary hearing
losses. However, the most recent work of
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Evans (1990) supgests that morphologic
changes in the subsurface cistermae of the
OHC after transmembranous electrical stimu-
lation could play a role in modifying the force-
generating mechanism,

Tbc most likely sitc for 2 noisc-induced
b g Joss is the ducer conductance of
the OHC. As dxsamd in thc introduction,
this group of mech: ers app to
be essential for the frequency selectivity and
sensitivity of the cochlea, and probably forms
pmofzfccdbackloopumzasto enhance
the d:sphccmmx of the basilar membranc. Fig-
ure 2-13B is a represeatative model of lhxs
feedback mechanism 2s proposed by M
(1986). In this model, prmrc-mducod dis-
placement of the basilar membranc stimulates
the OHC (mechanoclectrical transduction),
which produces voltage-dependent  move-
ments of the cell {clectromechanical transduc-
tion). At high frequencizs, resultant force-gen-
eration acts in an amplitude- and ghase-depen-
dent manner to enhance the displacement of
the basilar membrane. A number of points in
the loop arc crucial for its operation, The first
is the force-generating mechanism of the OHC
that, from the previously discussed ¢ ™ *2nce,
would appear t0 be extremely robust and
thercfore probably does not contribute to
Iow-Icvel hearing losses in the cochlea. The
second is the coupling of this force to the dis-
placement of the basilar membrane. If there is
a reduction of the coupling between the OHC
stereocilta and the tectorial membrane, then
both the mechanoclectrical and the clectro-
mechanical elements of the OHC will be mod-
ificd. Howeser, it is difficult to distinguist’ be-
tween the two clements, because they are in-
terdependent. The third possibiity is the
transducer conductance, Any alteration in the
fun.noml propertics of this clement in the
feédback loop will reduce the clectrical dsive
to the OHC force-generating mechanism. In a
previous study (Cody and Russel, 1985), cur-
rent injection in OHCs following the loud
tone did not reveal any obvious change in the
ageess resistance of the ccll, which suggests
that theze is little alteration in the number of
functionai apical conductances. Addutionally,
the data presented in this paper show that the
maximum hair cell receptor potentials dife
fered littte whether recorded during or fol-
lowing the acoustic ovérstimulation (Figs, 2-7
and 2.9), whereas a the lower stimulus levels
there were substantial reductions in the ampli-
tudes of the AC and DC componcnts of the re-
ceptor potentials, This suggests that the mech-
anoclectrical portion of the feedback loop

(the transducer) is intact and functional, at
feast for. these exposure conditions.- In con-
trast, the extensive data of Patuzzi et al
(29892b) suggest that 2 percentage of the
OHC transducer conductances have closed

-following exposure of the cochlea to a loud

tonc. Hence, the drive to the force-generating
mechanism of the OHC will be reduced, and
thc dxsphccmcm of the cochlear partition

: Itered. However, in that serics of
cxpcnmcms the traumatizing tonc was signifi-
cantly louder (115 dB SPL) and longer (30 to
150 scconds). ‘Thus, their findings may repre-
sent an extension of the lowslevel threshold
shifts described in this paper. It is interesting
to note that pure tone exposuce levels of 115
dB SPL and above in the basal tum of the
guinea pig cochlea, for periods of 1 hour, pro-
duce a loss of cochlear sensitivity and obvious
damage to the stercocilia of the hair cell,
particularly the first row of the OHC (Cody
ct al, 1980). Purc tones presented for the
same period, but at levels similar to thosc
of the present study, produce much Jess
obvious damage of the hair cell, and the
threshold losses are much more varable, If
the level of the tone is more crtical than
its duration for cochlear desensitization, then
the mechanism proposed by Patuzzi and co-
workers may operate above 110 dB SPL: full
stop. However, the mechanism is not yet
clear.

Propriétés Non Linéaires
des Cellules Ciliées
Internes et Externes des
Mammiféres Pendant et
apres une Exposition a un
Son Fort

Chez les mammuferes, les réponses non-
linéaires dc la cochléc en réponse 4 une stim-
ulation acoustique, jouent un rélc central dans
sa sélectivité en fréquence ct sa Sensibiluté, Les
non linéarités sont particuliérement impor-
tantes dans Ia détection des sumulations de
haute l’rcqucncc Ceci cst Ia conséquence di-
recte des propncxcs de filtre ¢lectrique passe-
bas des membranes des cellules ciliées qui
agissent pour atténuer les composantes pha-
siques ou altematives des potenticls de récep-
teur ou des stimulations de haute fréquence
Cependant, Pasymétric de la dépolanisation in-
hérente  la conductance de transduction de
la cellule ciliée interne en réponse 3 des stim-
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ulations acoustiques symétriques  sigmfic
quune composante continue. est générée qui
n'est pas influencée par les propriétés de filtce
passc-bas de Ia membrane cellulaire. La ccllule
ciliéc peut donc produx'xc des potenticls exci-
tateurs en réponse i des stimulations de haute
fréquence. Si par contre. la réponse des cel-
lules ciliées devient plus linéaire, Ic courant
continu de dépolarisation sera rédust, Ceci im-
plxquc une réduction de fa probabilité de sé-
crétion du ncurotransmetteur- et, par consé-
quent, un abaissement du taux de. décharge
des potenticls d'action des fibres afférentes fai-
sant synapse avec cette cellule..Ceci corre-
‘spond 3 une perte.de sensibilité ou, au niveau
psychophysique, % une perte auditive. On peut
ainsi supposer qu'unc perte auditive provo-
quée par un bruit peut étre le“résultat d'une
augmentation de Ia linéarité dc la réponse de
Ia cochlée 2 une stimulation acoustique.

Des mesures du mouvement de Ia mem-
brane basilaire montrent que la sensibilité et

Ic comportement non-inéaire sont -
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ticllement réduits aprés F'exposition de la co-
chlée 2 un son fort. Ceci est probablement le
résultat d'une modification des stimulations
mécaniques appliquées aux cellules ciliéces in-
temncs avec lesquelles la majorité des fibres
nerveuses auditives font synapse, La vulnérabi-
hté de la mécanique de la membrane basilaire
au traumatisme, ansi que les preuves de plus
en plus nombreuses que les cellules ciliées ex-
ternes pourraient, grice A leur contractibilité,
augmenter les propriétés d'accord et de sensi-
bilité de Ia micromécanique de Ia membrane
basilaire, désignent ces cellules ciliées ex-
ternes comme les candidats les plus séricux
pour &tre A Torigine des propriétés non lin-
&aires de la cochlée, Par conséquent, ces cel-
Iules seraient A Forigine des pertes auditives
induites par le bruit, Des données obtenues
par Pentcgistrement intracellulaire des cel-
Iules ciliées internes et externes du tour basal
de Ia cochlée du cobaye tendent-d renforcer
cette hypotheése car les réponses de ces deux
groupes de cellules ciliées A une stimulation
acoustique deviennent de plus en plus line
&aires pendant ct aprés une exposition de Ja
cochlée & des sons forts.

References

Ashmore JF. A fast motde response in guinea pig outer
haic cell. The cellular basis for the cochlear amplfs
fier. J Physiol 1987; 338.323-347.

Brownell WE, Bader CR, B dD,de R fetre Y

Frei A. Sodium dependent sheinking proper-
tics of the tectonal mcmbranc.‘Scanning Electron
Microsc 1978b, 2913-948,

Le Page EL. Frequency dependent scif induced bias of
the basilar membranc and its potential for control-
ling sensitivity and tning 1 the mammalian co-
chlea. J Acoust Soc Am 1987, 82 139154,

Liberman MG, Dodds LW, Learson DA, Structute func-
tion cortrelation in noise-damaged cars A light and
electron microscopic study, In‘ Saivi RJ, Henderson
D, Hamernuk RP, Colleni V, eds, Basic and applied
aspects of nosse-dnduced hearing loss. New York.

' Plenum Press, 1986.163.

McMullen TA, Mountain D, Model of dc potentials in
the cochlea: Effects of voltage dependent stffness,
Hear Res 1985; 17.127-141.

Mounnain DC. Electromechanical properties of hair
cells In: Altschuler RA, Hoffman DW, Bobbin RP,
cds. Neurobiology of hearing the cochlea. New
York: Raven Press, 1986.77.

Neely ST, Kim DO An active cochlear model showing
sharp tuning and high sensitivaty, Heat Res 1983;
9.123-130.

Patuzzi R, Robertson D, Tuning in the mammalian co
chlea, Physiol Rev 1988, 68.1009-1082.

Patuzzi RB, Yatrs GK, Johnstone BM. Changes 1n co-
chlear microphonic and neural y produced
by acoustic trauma. Hear Res 19892, 39 189 202.

Patuzzl RB, Yates GK, Johnstone BM Outer hair ccll re-
ceplor cutrent and sensorineural heaning loss Hear
Res 1989b; §247-72,

Pickles JO, Osborne MP, Comis SD, Vulnerability of tip
fiaks between stereocilia to acoustic trauma in the
guinea pig Hear Res 1987; 25.173-183.

Russell 1J, Sclitck PM. Intracellufar studies of hair cells
1 the mammalian cochlea. ] Physiof 1978, 281 261-
290.

Russell U, Palmer A. Fiitering duc to the inner hair celt

Evoked mechanical r of isolated cochlear
hair cells. Science 1985, 227,194-196.

and 1ts relation to the phase-
locking limit In cochlear nerve fibres In: Moore

[P




[PSNUS

ettt d

EEFECTS OF INTENSE ACOUSTIC STIMULATION 27

BC), Patterson RD, eds. Auduory frequency selectiv-
1ty. New York: Plenum Press, 1986-199.

Russell IJ, Cody AR, Richardson GP. The responses of
inner and outér hair cells in the basal tumn of the
guma p1g cochlea and in the mouse cochlca grown
in vitro. Hear Res 1986, 22 199-216.

SantosSacchi J  Asymmetry in voltagedependent
movements of 1solated outer hair cells from the of-
gan of Corti. J Neurosci 1989; 9 2954-2962.

Sellick PM, Patuzzi R, Johnstone BM. Measurement of

basilar membrane motion in lhc guinea pig using.

the Mésshauer technique. J Adoust Soc Am 1982:
72131141

Tanaka Y, A, Yand KF lals of outer
hair cclls and theif membrane propertics In cat

ionic envircaments. Hear Res 1980; 2.431-438.

Wess TF. Bidirectional transduction i m the vertcbrate
haie cells: A mechanusm for coupling mechanical
and electrscal vibrations. Hear Res 1982, 7.353 360

Zeaner HP, Zimmermana U, Schmitt U Reversible con-
traction of isolated mammalian cochlear hair cells.
Hear Res 1985; 18 127-133.

Zwislocki JJ, Slepecky NB, Cefaracs LXK Tectorial mem-
brane suffness and hair cell stimulation, XIth Mid-
winter Meeting; Association for Research in Oto-
faryngology; 1970, Clearwatcr Beach, Flonda,

Zwislocki Jj, Cefaratt] LK. Tectorial membrane, 1L, Suff
ness measurements in vivo, Hear Res 1989, 42 211-
228,




CHAPTER 3

Putative Biochemical Processes
in Noise-Induced Hearing Loss

ROBERT J. WENTHOLD
MARK E. SCHNEIDER
HUNG N. KIM

CLAUDE J. DECHESNE

Thc clucidation of the molecular mecha:
nisms underlying damage to the auditory sys-
tem due to overstimulation presents a formi«
dable challenge. In the biochemical analysts of
the cochlea, we are faced with a very small,
delicate, and complex system that includes
numerous cell.types that may all respond dif-
ferently to this damage. Knowledge of the mo-
lecular events that occur in the cochlea be-
cause of noise damage is basic to understand-
ing the pathogenesis of noise-induced hearting
loss (NIHL), because molecular changes un-
doubtedly precede observable structural
.changes. It is reasonable to assume that the re-
versible stages in NIHL will be primarily de«
tectable as molecular changes rather than
structural changes. The development of any
type of drug therapy to prevent or minimize
trauma duc to overstimulation will also rely
on a knowledge of the molecular processes.
Over the years several laboratories have mea-
sured a varicty of common biochemical pa.
rameters after noise-induced  damage (re-
viewed briefly below) in attempts to better
understand the molecular events that take
place in the cochlea. A continued effort in
these types of studies using controlled stimu-
lus conditions should give Insights into the
biochemistry of noise damage.

Qur research has focussed on changes in
specific proteins and their mRNAs that accom-
pany or precede structural damage to the in«
ner ear from noise, ototoxic drugs, and ge-
netic lesions, We have divided the molecular
events associated with NIHL into four stages
that can be correlated with the morphological
and physiological changes known to occur fol-
lowing NIHL (Table 3-1). Much of the existing
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information on molecular aspects of NIHL, as
reviewed below, can be placed into these four
stages. This scenario proposes that there will
be changes in proteins in the organ of Corti
at Stage II, when detectable morphologic
changes are minimal. Proteins that undergo
changes in expression at this stage may serve
as sensitive molccutar markers of celtular dam-
age. Such proteins may also play roles in pro.
tecting the cell from further damage, as has
been suggested for the function of stress-in
duced proteins. Later stages involve extensive
cell damage that can extend beyond:the organ
of Cortl, and include, for example, spiral gan-
glion cells. Analysis of cochlear tissue at these
stages may identify proteins involved In such
functions as cellular repalr, trophic mainte-
nence of auditory neurons, and regeneration.
Two approaches are available for studymg co-
chlear protcins. The first is the analysis of pro-
teins that have been characterized preyiously
in other tissues and have a well! known func.
tion, The list of such proteins is cx(cnsnc and
ranges from growth factors, to steucturil pro-
teins, to proteins that may be markers of cellu-
lar damage in other systems. These préteins
have been purified, antibodies have Heen
made to them, and probes for in situ lociliza:
tion of their mRNAs zre available. Two pro«
tens that we have studied in this category are
the 70 kD heat shock protein (discussed later)
and the neurofilament subunits (Dau and
Wenthold, 1989). The second approach s to
use a screening technique, such as two-dimen-
sional gel electrophoresis, to identify cochlear
proteins that appear particularly important be-
cause of, for example, their abundance, local-
1zation, or response to a perturbation of the
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TAaLsa-l.,, hetical Seq of Molécul

Changes in the Organ of:

- Corti Assoclated with Nolse-Induced Hearlrg Loss |

STAGE MORPHOLOGY

'PHYSIOLOGY

.MOLECULAR
CHANGES

[ Normal

1l Normal to slight edema of
hait cells and afferent
term

At Permanent damage to
stereoctlia and cetrcular
lamuna

1\ Cell death

Normal

Changes in metabolite and
fon flu enzyme induction.

Trs Small molecule depletion,”

¢ g, metabolites,
neurotransmitters; farge
molecule changes, ¢ 8.
protein denaturation, actin
depolymerluuon: stress
and repair

activated; e 3. heat shock
protein synthesis

PTS Extensive protein and lipd

changes; stress response
and repair mechanisms
continue; transneuronal
changes

PTS Proteolytic enzyme synthesis,

regeneration?
Transneuronal changes

Morphologreal ¢riteria are based on the hinlted resofution of hight and clectron miceoscopic observations; Stage § refers to
the onset of overstimulation, in which the steady state is perturbed

system, Using this approach we have identified
two spiral ganglion cell.nroteins whosc Ievels
of synthesis appear dcj adent on the pres-
ence of hair cells,

Review of Biochemical
Studies Related to
Noise-Induced Hearing
Loss

A number.of .;Iochcmlc«l analyscs, genere
ally ifivolving common metabolites, enzymes,
or {ons, have been carried out on the inner ear
after nolse: exposure (Tables 32 and 3-3),
These studics have addressed the general hy-
pothesis that NYHL involves disruption of clas-
sie energy metabolism or {fon homeostasis and
that the resulting imbalance can be detected
with suitable techniques, Three analytical
methods have been used o compare noise-cX«
posed and normal animals: (1) direct .
ments of tissue metabolites or enzyme total
capacitics in noise-exposed animals; (2) perfu-
sion of the perilymphatic space during or after
noise exposurc and subsequent analysis of the
perfusate for metabolites, other soluble small
molecules, and enzymes; and (3) direct mea-
stirements of ion activities during noise expo-
sure using ion-selective microelectrodes. As a
group, these studies suffer from a lack of con-

sistency with respect to stimulus exposures,
cxpe:imcmal animals, sampling conditions,
and methods of chemical analysis, Conse-
quently, it is difficult to deaw any general con-
clusions from them. Some of the changes re-
ported would clearly be expected in any cells
that have been damaged from mechanical,
thermal, or chemical Insult, For exdmple, the
release of soluble enzymes from the'cell cyto.
plasm, such as lactate dehydrogenase (IDH),
is a common result of cell damage, and injury
to any structuce in the cochlea would cause
an eicvation of the amount of such eitzymes in
the perilymph (Schacht, 1982). Although such
studics may give clues as to changes in metab-
olism and increases in enzyme activity, these
:malyses tell e about ‘the biochemical
mec of noisc damag

Because molecular changes must precede
visible structural changes, an important con-
sideration for designing stimulus parameters
for this type of experiment is to define condi-
tions that cause a minimum of structural
changes accompanying a measurable hearing
loss. Such conditions are notoriously difficult
to ascertain, even for an individual animal,
There are enormous unexplained variances in
numerous measutements of cochlear function
and biochemistry in a population of animals
(Robertson et al, 1980), so that biochemical
analysis is further complicated by interanimal
variability and species differences,




S sttty Sy o e v

30 COCHLEAR MECHANISMS

TABLE 3-2 Analysis of Enzymes in Cochlear Tissues After. Noise, Exposure

ENZYME, SPECIES ~CONDITIONS ~RESULTS AUTHORS
LDH, esterases, ATPase, acxd 500~3000 Hz, 95~131 d8, No changes seen -Stack and Webster, 1971
and alkaline phosphatases, 05-2 hours
phatases, cytoch hemistry
- oxidase, succinic
dehydrogenase, kangaroo
rat
SDH, guinea pig -White noise, 110 dB, 63 Reduction in IHC and OHC  Quade and Geyer, 1973
hours histochemistry
LDH, guinea pig White noise," 115 dB, 10 min. 1-hour exposure causes Isheda, 1973
10 72 hours histochemistry , longer exposure
and b?od»misuy shows retum to normal
Succinate dehydrogenase, Impulse noise, 8 aays. 9 Decrease in bri celf SOH Guttmxher'et al 1973
guinea pig hours/day, histochemistry  Effect greatet .5y OHC than
HC
Lysosomal enzymes, guinea 120 0B, 1 hour/day for 10 Mostly no changes— Schaetdle, 1976
days phosphatase indreased
LDM. glucose-6 phosphate 95 dB, 500 Hz, 48 hours No changes in OHC Thaiman, 1976
dehydrogenase, guinea pig  brochemustry
LDH, rabbe 100 dB, 2 kHz 2 hours OHCw-Increase in basat Omata et a, 1979
- histochemistry tuen, decrease in lower
half of tum 2, normal i
. vpper haf

TABLE 3-3 Analysis of Enzymes, lons, and Smal
Fluids After Noise Exposure

I Molecules in Cochlear

SUBSTANCE, SPECIES CONDITIONS RESULTS AUTHORS
Na, K, guinea pig 100 dB, 2 rurwtes, 2000 Hz  Endolymph Naincrease, K Nakashuma et al, 19702
decrease
Na, K, giinea pig 100-140 d8, white noise  Endolymph Nalncrease, K Nakashima et al, 19706
decrease in 15 seconds
Lictate, guinea pig vﬁoﬁs B, white nose, | Lactate bcrease fn pendymph  Schrueder, 1974
Na, glucose, aldolase, LOH, 100 dB, 8 kHz, 1 hour No changes Gershbein et al, 1974
. phosphohexose N
Isomerase, protein, guinea
43
LOH, MDH, chinchilla 123 dB,700-2800 Hz, 30 Rapid ixrease to 24 hours,  Juhn and Ward, 1979
nantes then decrease
Na, K C1, guinea pig 95125 dB, 7 days, 16 Increase in K and CY, Konishi et al, 1979
hours/day decrease in Ni in
endolymph
Na K, C), guinea pig 95105 dB, 20 nurutes With 42 KHz and WBN Salt and Konush, 1979
y endolymph K increased,
Na decceased, at 380 Hz,
K decreased
K, guinea pig 142 dB, 1 kHz, 1 hour Decrease fn endofymph Kr 1 Melichar et al, 1980
return 1o nocmal in S days
Ghucose, lactate, pyruvate, 100 dB, white noise, 10 No change Lotz ee 2, 1981
gunea pig minutes
LOH 140 4B, wide band noise, 10 No change Hupt et 2, 1983
minutes

‘The onset of NIHL, as it is related to tem.
porary threshold shuft (TTS) and permanent
theeshold shift (PTS) conditions, is a dynamic
process. Frequently, in studies aimed at assess-
ing biochemical changes, conditions and sam-

pling times have been chosenithat fall within
this transitional stage at whichthe processes
of repair and injury are not steady-state, Al-
though stcad) -state conditions s can be ap-
proached using eaposures that ciuse asymp-

S




H
H

i

T ARG SR RO WY

PUTATIVE BIOCHEMICAL PROCESSES IN NOISE INDGCED HEARING LOSS 31

totic threshold shift, long tecovery durations,
or both, blOChleC‘al analyscs of the organ of
Corti of - animals - with - asymptotlc threshold
shifts failed. to.see changes in-LDH capacity,
glucose G-phosphate dehydrogenase capacity,
ATP, and several neurotranstitter candidates
(Thalmann, 1976).

Qver the years, the results of biochemical
measurcmcnts from similar experiments have
becn inconsistent (see Tables 3-2' and-3-3);
such inconststencies could be due to limita-
tiops of the.analytical methods, The cochlca
presents several p for a blochemists
for example, the analysxs of tissue made up of
several cell types is-difficult, and oOfie-cannot
rule out the possibility that opposing changes
i two cell types would cancel cach other if
the whole tissue was-ass:iycd. The -rapidity
with which tissues from the inner car can be
harvested is oficrucial significance when at-
tempting to capture metabolite levels in their
steady state. For instance, tissue ATP/ADP and
Pi ratios messured after fast freezing and with
conventional enZymologic tests are two times
less than when measured using in vivo P31
nuclear magnetic resonance (NMR) imaging
(Veech et al, 1979; Ingwall, 1982).

An alternative mceasurement of cellular
bioencrgetics involves the measurement. of
glucosc metabolism using the radiolabeled
nonmetabolizable glucose analog, 2-deoxyglu-
cose {2DG), This technique measures glucose
uptake and allows the calculation of glucose
use on-the basis of normative rate constants.
The dircct application of this method is diffi
cult because the appropriate rate constants
are difficult to measure in the cochlea, and the
results cannot be gencralized because the data
for the mouse and gerbil indicate species dif-
ferences to noise exposure. In the mouse co-
chlea, noise exposures up to 85 dB SPL induce
a 230 percent increase in radiolabeled 2DG
uptake in cochlear tissues (Canlon and
Schacht, 1983; Canlon et al, 1984). Con.
versely in the gerbil, a barely detectable in-
crease was seen at exposures up to 105 dB
SPL(Goodwin et al, 1984).

The majority of data summarized in Ta
bles 3-2 and 3-3 do not support a role for im-
paired energy metabolism in early events in
NIHL. However, it is possible that the experi-
ments have been conducted using wrong
sound exposure parameters, Since 1985, the
role of the outer hair cell and its ability to dis-
play two kinds of motility has led to a re-
newedicmphasis of Gold’s hypothesis (Gold,
1949) of an active cochlear amplifier/second
filter, Biologically, the amplifier would be re-
quired at sound pressure levels near thresh-

old: As shown below; all researchers have cho-
sen sound lev cls that result in some degree of
NIHL It is possxblc that changes in energy flux
(also reflected in changes of the’ steady-state
levels of - metabolucs) could;be measured.at
Tow sound Ievels in a-sound dependent man-
ner. =Altcmativcly, the energy ‘necessary for
these active. mechamsms could be found 1n
the large electrical gxadlems present. 2¢t0ss
the reticular-lamina. (cndocochlear potential
and summating potential),

-Biochemical and olecular ‘studies are
now branching. out.from-a number of well
controlled anatomic and physiologic studies of
NIHL. Recently, the structural organization of
the stereocilium has been elucidated, and scv-
eral‘studies have implicated this structure as
the site of early changes leading to NIHL (Til-
ney ct-al, 1980). One current hypothesis is
that imlial cvents involve damage to a varicty
of structural proteins of the stereocilia and cu.
ticular plate (Tilaey ct al, 1982)Many studics
have correlated NiHL with structural changes
inx the stercocilia and cuticular plate (Saunders

et al, 1985). Liberman and collcagues (liber-
man, 1984; Liberman and Dodds, 1984ab;
Liberman and Kiang, 1984; Liberman and Mul-
10y, 1982) wete able to assess the cochlea his-

topatho.ogxcally at the light and ultrastcuctural -

levels an¢’compare these data with the physi-
ologic properties-of individual afferent neu-
rons that inncrvated the halr cell under study.
Measuring the physiologic discase in an ani-
mal, they could predict the nature and degree
of anatomical distuption, Their findings sug-
gested that in stimulus conditions likely to
Icad to moderate PTS, the stereocilia rootlets
were damaged, whereas the hair cell exhibited
-no pathological signs, Following exposures
likely to lead to TTS, stercocilia were normal,
except for a shorter supraciiticular plate root-
let. In addition, hair cells and afferent termi-
nals often appeared “swollen,” These results
suggest that the proteins of the stereocilia
core, cuticular plate, and rootlet, which are
primarily actin, imbrin, and an as yet uniden.
tified protein, are irreversibly damaged in PTS
conditions and are functionally altered with
less scvere or reversible trauma (Tilney et al,
1989). Among the many observations of stereo-
ctlia trauma reported (Saunders et al, 1985),
the Consensus emerged that the rootlct dis-
case is corrclated with physiologic deficits,
these include fracturing the corc filaments of
each stereocilium, depolymertzation of the ac-
tin core, or both,
The biophysical consequences of mechan-
ical overstimulation of the hair bundle were
examined in vitro usmg solated pieces from
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the guinea pig cochlea. (Saunders and Flock,
1986) “The-fnair bundle’s displacément for-a
given stlmulus energy increased as a function
of.overexposure.-Saunders and-Flock (1986)
cxpressed their results using the conventional
threshold- shift terminology; thus, vovcrcxpo
sure induced a thréshold shift that was linearly
related to noise exposure, Interestingly, the
damaged haig bundle could recover from as
muchasa 5 10 7 dB threshold shiﬁ this recov-
ery depended on thé presence- of metaboli-
cally *healthy” tissues. These authors con-
cluded that a dynamic active process counter-
acts the loss of stiffness caused by overstimula-
tion.

An ultrastructural examination of the hair
bundles in these experiments was not under-
taken and, consequently, the type of stereo-
cilia mjury in these cases is not known, Mech.
anisms of stereocilia injury include fracture of
individual stercocilia, depolymerization of
core filaments, and discuption of the extracel-
tular links that cross-link the bundle (Saunders
et al, 1986). Thus, in addition t0 cxamining
the struc(ural ch.’mgcs in vitro, cxpcrimcms
desi hemical:changes-in
the protcins (actin or fimbrin) may yield new
information concerning “the mcchanisms in.
volved In Injury to the hair bundle,

Blochemical analysis will also be impor-
tant in clucidating the structures involved in
transduction, The-pature of the transducer gat-
ing spring is unknown; this molecule would
also be an importaznt target during mechanical
overstimulation,'A popular model- assigns the
tip link structures llr‘dng adjacent rows of ste-
reocilia to the transdiicef gating spring; how-
ever, It has been noted that the data support.
ing this model are circumstantiat at best (Hud-
speth, 1989).. Biophysical data provided by
Howard and Hudspeth (1988) suggest that the
resistance to displacement of the hair bundle
over the physiologically relevant range fs
dominated by the tension in the mechanism
gating the transducer channel. For these rea-
sons, extensive characterization of the pro-
teins of the stercocihary membrane, reticular
laminar surfacc, and the core proteins of the
stercoctlium and cuticular plate are needed.
Shepherd-et al. (1989) have presented evi-
dence that.a small complement of proteins is
found in these structures, But progress will be
hindered by the small amounts of tissue avail-
able and the limited sensitivity of the analyti-
cal techniques. A central goal of many re-
searchers in the future will be to assign molec-
ular identities to the mechanical analogs of
various mechanoelectric transduction models,

Heat:Shock Proteins

When exposed to-elevated temperatures,
organisms respond by. the synthesis of 2 group
of “proteins known as-heat shock- protetns
(hsps) (Lindquist, 11986 Lindquist and Craig,
1988; Welch et al, 1989) Initially observed in
Drosophila; these proteins have been found in
all animals, plants, and bacteria and are highly
cvolutionanly conserved, Although hyperther-
mia‘ls commonly used to induce these pro-
teins; hsps can be-induced by any condition
that stresses the cell'and, therefore, sare also
referred to as stress. proteins. Cellular re-
sponscs 10 stress are rapid: increases in mRNA
are seen within+1 hour, and increases in.pro-
tein within a few hours, Based on their similar
properties, hsps can be divided into several
families; in eukaryotes there are at least three
familics, including the hsp90 family, hsp70
family, and hsp20 family, The number refers to
the approximate' molecular weight in kilodal-
tons of the proteins of the family. In addition
to these main groups, there are numerous re-
ports of f that are synthesized under
stress conditions but which bave not been
thoroughly characterized.'One of the more ex-
tensively studied familics in mammals is the
hsp70 family, which is composed of at Jeast
four members in humans and three in rats,
“The major heat-inducible member of this fam.
ily is hsp70, a 70-kD protein that is wsually ex-
pressed in low levels, but that is expressed at
deamatically higher levels after hyperthermia.
Because of its increased synthesis, as well as
the~decrease In synthesis of norm=1 cellular
prot; ins, hisp70 Is the major translation prod-
uct after stress, As in the other hsp familics,
some proteins of the hsp70 family are ex-
pressed at high levels in unstressed tissues.
The most abundant of these is a 73-AD pro-
tein, referred 10 as the constitutive 70-AD
steess protein, or p72, which is expressed at
high levels in most tissues; its synthests 'in:
creases only slightly following hyperthermia.
These two members of the hsp70 famuly are
structurally similar but are distinct gene prod-
ucts and regulated differently (Lindquist,
1986).

Several studies suggest that a major func-
tion of hsps is to facilitate cellular repaie and
protect the cell from further injury (Lindquist
and Craig, 1988; Welch et al, 1989). The fact
that these proteins are widely distrtbuted and
respond rapidly to changing conditions is con-
sistent with the basic emergency response of
cells. The protective function of hsps 1s sup-
ported by studies hnking the induction of
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these proteins with the acquisition of thermo-
tolerance in cultured cells frdm.a nuinber of
organisms, Cells rapidly subjected to in-
creased temperature died’'much more quickly
than those that-were first subjected-to a.mod-
est temperature. increase to induce the synthe-
sis.of hsps and then subjected: to the. higher
temperature. The protective role of hsps was-
more directly demonsteated by the .microin.
jection of antibodics to'the hsp70 family of
proteins into fibroblasts (Riabowol' et al,
1988). Cells containing the injected antibod-
fes, which presumably inactivated hsp70 pro-
teins, were killed by brief heat shock, whereas.
control cells survived. These studics suggest
that an organ about to experience a poten.
tially Icthal condition might be protected by a
previous induction of heat shock proteins.
Such an effect has been demonstrated In the
mammalian retina, where exposure to intense
light normally causes photoreceptor degeneras
tion, Prior induction of heat shock proteins by
hyperthermia geeatly reduced the damage duc
to light treatment (Barbe et al, 1988).

Figure 3.1 Immunoblots of (1) rat cerebelium, (2)
cochlear nucleus, and (3) spiral igamentstna vascue
Tans stained with antt hsp70 antbodses under normal

ditions (C) and hyperth (X). Tissue was ob-
tained 6 hours after a heat shock of 42.5° C.

The molecular mechanism by which hsps
exert their protective effects: is. not fully
known but is believed to Invélve the binding
of thehsp to-analready damagéd protein to
ptevent fiirther damage or reverse denatur-
aton. Hsps expressed in the absénce of stress
have been shown to bind to precursor forms
of proteins and aid in their proper folding and
unifolding (Dashales et al, 1988)..

The mammalian central -nervous. system
tesponds with the synthesis of hsps to a:vari-
€ty of stresses including hyperthermia (Sprang
and Brown, 1987; Masing and Brown, 1989;
Brown andRush, 1990), ischemia (Nowak,
1985; Dienel et al, 1986; Vass et al, 1988; Dwy-
er et al, 1989; Nowak et al, 1990), physical
trauma (Brown et al, 1989), axotomy (New et
al, 1989), and neurotoxin treatment (Uncy ct
al, 1988). Both neurons and glia can express
hsp70, but the response dppears to be related
16 the nature of the stress to which the tissuc
is subjected,.and some neurons may be more
likely to synthesize, hsps than others. In the
gerbil brain following transient ischemia,
hsp70 induction is restricted to neurons; the
protein's € Was most promi in the
hippocampus. In conteast, In rabbit and rat
brain, hyperthermia greatly increased hsp70 in
glial cells throughout.the brain (Sprang and
Brown, 1987; Marinl <t al, 1990), Application
of the neurotoxin, kainic acid, has its greatest
effect on hsp70 induction in ncurons (Uney ct
al, 1988), whéreas trauma causes hsp70 in.
crease in both ncurons and glia near the site
of injury (Brown et al, 1989).

These findings.raised the possibility that
hsps could also protect the auditory periphery
from damage due to noise, ototoxic. drugs, or
trauma, Recent studies showing that cells from
aged aninnls produce less hsp70 mRNA and
protein in response to hyperthermia than do
cells from young animals (Fargnoll et al,
1990) suggest that hsps may also play a role in
presbycusis. We have begun a study of hsp70
in the rodent inner car, Cochlear tissue from
the rat was dissected, and proteins were ana-
lyzed by SDS polyacrylamide gel electrophore.
sis and immunoblotting using monoclonal an-
tibodies spearfic for hsp70. Control afiimals
and animals «hat had been previously sub-
jected to heat shock (a body temperature in-
crease to 42.5° C) were analyzed. In all co-
chlear tissue analyzed, hsp was not detected in
the unstressed animal, Heat shock, however,
produced a-single intense band mugrating at
M, = 70,000 as seen in gels of rat spiral liga-
ment, cochlear nucleus, and cerebellum (Fig.
3.1).
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-Analysis of Cochlear,
Proteiiis by | Metabollc
Labehng :and-Acrylamide
‘Gel* Electrophoresm

‘Many of the most imctcstmg and mforma-
tive molecular changcs taking place in the car
under conditions such as NIHL and ototovc
drug damage may i proteins that arc ex-
pressed only or prcdominamly in the car.
Therefore, information concerning these cac-
specific. proteins cannot be obtained. by using
other tissucs, ‘but- must be obtained by bio-
chemical analysis of inner ear tissue under var-
fous experimental conditions, The size and ac.
cessibility of this-tissue limit-thé approaches
that can be used, Several-laboratories have
found that proteins from the inner ear can be
analyzed using onc« and two dimensional gel
electrophoresis with. sensitive stalning teche
niques or after biosynthetlcally labeling the
proteins with radioactive amlno acids (Thal-
mann ct al, 1987; Shepherd ct al, 1989; Tilney

.et al, 1989; Thalmann et al, 1990) Proteins

identified in this way can-be used for the pro-
duction of specific antibodies or for obtaining
amino acid sequence, with the final objective
of isolating ¢cDNA clones encoding the pro-

teins, With such tools‘ the proteins can then
be characterized with respect to structure,
funcﬂon, and distribution. A sensitive tech.
nique that will help us with the identification
and characterization of car-specific protelns is
to biosynthetically Jabel the proteins with ra-
dioactive precursors (Wenthold and  Me-
Garvey, 1982a.b; Wenthold, 1985). The advan.
tage of this methed is twofold. The proper
choice of radivactive precursor can offer
tugher scnsitivity than the standard silver stain
method; *$ methioninc is often used as a pre-
cursor because most proteins contain methio.
nine and *$ is of sufficlently high encrgy to
produce autoradiographs of gels in a reason:
able time. Under optimal conditions with two-
dimenslonal gels, more than 1,000 separate
pr oueins can be detected, Cochlear proteins
cani be labeled in vivo with **S methionine by
exchangiug the perilymph with artificial peri-

lymph comniﬂing the radioactive amino acid.

This technique minimizes trauma to the tissue
and allows characterization of protein synthe-
sis under nearly normal physiologic condi-

tions. An alternative method, which may in-

ctease the specific labeling of the proteins and
also give greater control over concentration of
precursor and time of incorporation, is to in-

cubaté  dissected: tissue ¥in- vitro, in-solutions
containing radioactiveramino. acids (Matchin-
ski, personal commumcauon) This mc:hod

however; is limited in.that significant damage’

occurs when the tissue is dissected; as found
in other systcms, such ‘damage could alter the
normal pattern of protein synthesis. Both tech-
niques allowthe: use of more- specific-precur-
sors, such as sugars that libel only glycopro-
teins,

A second’advintage ofvradioacuu:x label-
ing of proteins is that it reflects synthesis that
occurs over a defined period, wherea$ a stain
sxmply refiects the total amount of a particulac
protcm Thcrcforc, a dramatic change in“pro-
tein in response to an experimental condition
may not be seen by staining if a large, slowly
metaholized pool of the protein is present. For
example, under conditions of NIHI, this ap-
proach would allow the analysis. of proteins

«that are synthesized in cochlear tissues at var-
ious times 2fter prescntation of the stimulus.
Inteevals as short as 15 to.30 minutes should
be sufficlent to produce labeling of the major
proteins, Identification of these proteins may
give clues concerning the molecular processes
that arc most affected by the stimulus,

Using this labeling protocol, we have
charactericed a number of proteins that are
synthesized by spiral ganglion cells and trans.
ported in the auditory nerve (Tytell et al,
1980; Wenthold and McGarvey, 1982ab;
Wenthold, 1$85). Especially relevant to this
discussion on the biochemical changes occur.
ing in response to cochlear damage Is the
finding that the synthesis of: two auditory
nerve protelins changs dramatically with hair
cell loss (Wenthold and McGarvey, 1982ab;
Wenthold, 1985). If hair cclls of a guinea pig
ar¢ damagedw—for example, in the genctically
deaf waltzing guinea pig or in normal animals
treated wath an ototoxic drug—there is an in
creased synthesis of two proteins with average
molccular welghts of 27 and 36 kD in the au-
ditory nerve, Quantitation of radioactivity in-
dicates that labeling of these two proteins in-
creases more than six times after hair cell loss,
Following spiral ganglion- cell degeneration,
there is a general decrease in proten synthe-
sis, and these two pro.eins emerge as the ma-
jor labcled proteins in the auditory nerve. Pre-
liminary chemical analysis of these proteins
shows that they are glycoproteins, Peptide
mapping of the multiple forms of each protein
indicate that they arc closely related, consis-
tent with the differences arising from various
degrees of glycosylation, Furthermore, the
peptide mapping studics show that the 27.kD
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and 36:KD proteins may be similar, suggesting
that they-are different forms of the same pro-
tein or related subunits of the sdme protein
complex

The function of the 27-kD dnd 37-4D pro-

‘teins remains to be determined. One hypothe-
sis is that they,are stress proteins produced by

the $piral ganglion- cells as they lose synaptic
contact-with haif cells and begin to degener-
ate.‘Such proteins may play a rolé.in the-sur-
vival .of a small population of spiral ganglion
cells, which are. present several months after
hair cell loss. This-idea-is‘supported by the
finding that the 27-kD and 36-kD protcins con-
tinuc to be expressed at highvlevels after most
spiral ganglion cell-degencration is complete
and 4 stable population remains.

Conclusion

It is apparent from 2 review of the litera-
tre that little is known about the molecular
processes involved in NIHL. To fully uader-
stand these processes a knowledge of the not-
mal biochemistey of the cochlea is necessary.
Untll the critical molecular mechanisms of the
cochlea are defined, it is impossible to test
whether or not they are affected in NIHL The
substantial amount of Information known
about the physiologic and-morphologic as
pects of NIHL provides a background for mo-
Tecular studles. Although the structural charac-
teristics of the cochlea preclude standard bio-
chemical approaches to its analysis, the over
whelming amount of Information available on
molecular teckniques and processes offers
several promising avenues for studing the co-
chlea. Antibodies are now available to protelns
with a wide spectrum of functions, and thesc
can be applicd to determine the localization of
these proteins in the cochlea, Similatly, genes
encoding a large number of proteins have now
been cloned, with the number increasing
daily, and these can be studled in the cochlea
with in situ hybridization and related tech-
niques. Furthermore, new antibody technol-
ogy and. micromolecular biology techniques
can now be applied to the study of proteins
expressed exclusively or primanly in the co-
chlea,

Processus Biochimiques
et Deficits Auditifs

$1l existe peu d'informations concernant
les ch ats  biochi s induits au

niveau cochléaite par le trauma acoustique,
ces changements devraient &tre importants, et-

.pourla plupast d’entre eux, non spécifiques de

Poreille interne. En effet, Ja. plupart des
changements moléculaires intervenant: au
niveau des cellules cochléaires exposées &.un

umatisme sont probablement les mémes
queé- ceux développés dans, toutes les autres
cellules sévérement “stressées.”-Aussi, utliser
une telle approche au-nivéan de la.cochlée
pourrait étce intéressant pour caractériser les
dommages induits par un bruit ou. par des
drogues ototoxiques.

Nous-nous sommes donc intéressés 2 fa
caractérisation de deux catégories de pro-
téines. Lx premitre inclut des protéines dont
Ia synthése cst induite fors de dommages ccl-
Iulaires ¢t qui ont ¢'té caractérisées dans
drautres systeries, La seconde catégorie inclut
des protéines qui ont été spécifiquement fden-
tifiécs dans la cochlée lors d'une eaposition au
bruit, apres administration de drogucs ototox-
iques ou aprés des dommages mécaniques.

Dans la premidre catégoric, nous.avons
étudid deux protéines, Ja “heat-shock protein
70" (hsp70) et les sousumités de neuzofila-
ments, 1a hsp70 fait partic de fa famille des
protéines connues comme étant des protéines
du stress, Ces protéines se retrouvent en tes
faible quantité dans la plupart des tissus des
mammiferes, mais leur synthede de maniére
importante lorsque les cellules sont soumises
A un “stress.” Originellement identifiées lors
d'une hypesthermie, ces protéines du “stress”
sont connucs pour répondre A d'autres types
de “stress” dont Pischémie, les dommages
mécaniques ou les ncurotoxmes. Plusieurs
fonctions leur ont été attnbuées dont la plus
Intéressante serait un réle protecteur cn cas
de dommages. Elles pourraient donc aussi
jouer un role protecteur au niveau des ccl-
lules de Poreille interne lors de dommages
causé$ par unc expésition sonore ou par
Vadminstration de drogucs ototoxiques. Les
neurofilaments sont le composant majeur du
cytosquelette ncuronal et s0nt COMPOsés de
tros sous-unités dont le poids moléculaire est
denviron 200, 160, ¢t 68 kD. Chez le cobaye,
ces 3 sous-unités sont abondamment pré-
sentes dans les corps cellulaires des cellules
ganglionnaires de type 11 (Dau et Wenthold,
1989) alors que les cellules de type I ne pos-
sédent que la sous-unité de 200 kD, Si apres ad-
ministration de néomycine, les cellules gangli-
onnaires de type Il dgmeurent fortement immu-
notéactives aux 3 sous unités, limmuno-
réactivité des cellules ganglionnaires de type I
augmente pour les sous unités de 160 kD et
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de 68 kD, et diminue pour. funité de 200 kD.
Pourl:: sccond groupe de pro:cmes, nous
avons déctit 27sortes-de protéines présentes
en faible quantité-au niveau des ceflules gan-
ghonnaures. Toutefois, leur quantité augmente
apres +des dommages :Cellulaires et pcrsxstc

-apres dégénérescence de ces Cellulés, Ces ré-

sultats laissent entrevoir la possibilité que ces
pmtémes pourraient joucr un rdle dans la sur-
vie des cellules ganglionnaires restantes.
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CHAPTER 4

Pharmacolegic Approach to Acoustic
Trauma-in the Cochlea

RICHARD P. BOSBIN

Mzny chemicals-have been explored for
their ability to interact with cochlecar damage
induced with intense sound: vitamins, vasodi-
Lators, tranquilizers, stineslants, antibiotics, ste-
roids, and nonsteroidal anti-inflzmmatory
2gents (Bobbin and Gondra, 1976; Bobbin ct

muscles:were used. Various agents were per-
fuseG through the perilymph compartment of
the cochle2 before, during, and after intensc
sound exposure (Fig. 4-1). The intensc sound
exposure consisted of a 6-kHz, 95-dB SPI, 15-

i conti; pure tone. The EAA antag-

al, 1976; Kisicl and Bobbin, 1981ab; Brown et
al, 1981). Several chapters in this book ad-
dress the interaction of intense sound with
particular drugs. T will attempt to ascribe
mechanisms to the interaction of intense
sound with several different drugs: kynurenic
acid, cytochalasin, salicylate, quinine, and ni-
modipine.

Hair Cell to Afferent
Nerve Synapse

It is known that intense sound exposure
induces swclling of the afferent dendrites at
the level of the inner hair cells (Robertson,
1983). Thus it appears possible that during in-
tense sound exposure, €xcess neurotransmit-
ter is refeased from the inner hair cells which,
in turn, damages the afferent nerve endings.
Because an excitatory 2amino acid (EAA), such
as glutamic acid or aspartic acid, may be the
hair cell transmitter (Bledsoe ct al, 1988), it is
reasonable to suppose that an EAA induces the
swclling observed after intense sound expo-
sure. I the central nervous system EAAs are
neurotoxic (Koh et al, 1990) Pujol ct al
(1985) demonstrated that EAAs (kainic acid)
induce swelling of the afferent nerve endings
in the cochlea. Therefore we tested whether
an EAA antagonist would reduce the effects of
intense sound exposurc in the cochlea (Pucl
ct al, 1988). K

Briefly, anesthetized and artificially re-
spired guinea pigs with scctioned middle-car

38

onist we studied was kynurenic acid. The co-
chlear potentials (cochlear microphonics
{CM]. summating potential [SP), compound ac-
tion potential of the auditory nerve [CAP], N1

“Jatency) were menitored from 2 wire in the

basal tumn scala vestibuli in response to tone
bursts (8,484 Hz). The intense sound induced
several interesting effects (see Chapter 36):
(1) the greatest reduction in the CAP and SP
was localized one-half octave higher (8,484
Hz) than the intense tone exposure (scc the
review of McFadden, 1986), and (2) only the
fow-intensity portions of the intensity func-
tions were affected.

The cffects of kynurenic acid and its inter-
action with the intense sound are jllustrated in
Figure 4-2. The drug reduced both high- and
low-intensity CAP; this effect was readdy re-
versed with artificial penilymph. The cffects of
the drug added to the cffects of the intense
sound. When the drug was washed out, the
added effect of the drug was removed, expos-
ing the effects of the intense sound. We there-
fore concluded that the drug exhibited simple
additive effects with the intense sound.

Generally, investigators feel that the low-
intensity CAP zand;SP reflect the active pro-
cess=-mechanical or electrical events or
both—utilized by the cochlea to achieve its
sensitivity, Most guess that the outer hair cells
(OHCs) are the anatomic basis of the active
process (Browncll, 1990). We observed a sup-
pression of only low-intenstty-cvoked CAP and
SP, 50 we conclude that the intense sound that
we used only damaged the active process,
Others explain this damage to the active pro-

o o
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Figure 4-1 Schematic diagram of the uming of events for the experiments studying the interaction of intense
sound and kynurenic aad (HBS, artificial penlymph). (From Puct J L. Bobbin RP, Fallon M. The active process is
affccted first by intense sound exposure, Hear Res 1988, 37.53-64.)
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Figure 4-2 Results of the experiment utilizng the scheme tustrated 1 Figure 4 1 in three groups of five animals
cach, Ths figure silustrates the effect of (1) intense sound (IS) exposure combined with amﬁcm pentymph pcrfu

sion (AP); (2) kynurenate (S mm) perfusion alone; and (3) intense sound exp with k

mm) perfusion. The IS was a 611z, 95-dB SPL tonc with a duration of 15 nun. Shown are the mean and SE. (n = S)
values for 2 compound action potential (CAP) of the auditory nerve obmncd in responsc to 8,{84 Hz tone bursts of
104 and 68 dB SPL before any perfusions (Pre AP), after the first p with artificial 1 h (Post AP), and
after three different treatments (Post TR). AP with IS, intense sound dunng aruficial pcnl)mph perfusion, 5 mm
Kyn, $ mm kynurenic acid perfusion without intense sound, $ mm Kyn with 1S, § mm kynurenic acid petfusion with
the intense sound exposure, The last set of bars shows the data obtained after the fast pefusion with aruficsal per

tlymph (Post AP) alone. (From Pucl J I, Bobbin RP, Fallon M. The active process is affected first by intense sound
exposure. Ifear Res 1988, 37.53-64.)

cess by intense acoustic stimulation as damage
to ihe stercocilia of the OHCs (Niclsen and
Slepecky, 1986). Kynurenic acid is thought to
act only at the EAA rcceptors on the afferents
(Bledsoe ct al, 1988). Therefore, our data indi-
cate that there was no apparent interaction
between the damaging effects of the intensc
sound at the stereocilia and the action of
kynurenic acid at the EAA receptors, Our data
indicating that the high intensity CAP was un.
affected suggest that the tone exposure we
used was not of sufficient intensity to induce
afferent swelling. This is consistent with the

results of Robertson (1983), who showed that
to obtain afferent nerve swelling one must use
a tone geeater than 110 dB SPL.

Drugs That Act Like
Intense Sound on
Cochlear Potentials

Figure 4-3 compares the effects of cyto-
chalasin D, salicylate, and intense sound on
the CAP and negative SP (~SP). Cytochalasin
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Figure 4.3 A companson of the cffects of cytochalasin D, intense sound exposure (6 kiz, 95 dB $PL, 15 min), and
salicylate on CAP and ~SP inputioutput functions evoked by 10,000 Hz, 8,484 Hz, and 10,000 Hz, respectively
Shown are the functions obtained after perfusion with artificial pcnlymph alonc before (Postrnger) and after per-
fusion with the drug, and after the intense sound, (From Barron et a), 1987, Pucl et al, 1988, and Pucl ct al, 1990.)

D suppresses only the low-intensity CAP and
SP, as does intense sound (Batron et al, 1987)
Conversely, in both of our studies wnh salicy-
late, we found that it-does not changc the
=$P, but suppresscs the low y CAP
(Pucl et al, 1989, 1990). Our CM and SP re-
sults conflict with the results reported by Sty-
pulkowski (1989). Stypulkowski reported that
intravenously administered  salicylate  de-
creased the magnitude of the round-window-
recorded P and increased CM. One major dif
ference between Stypulkowski’s preparation
and ours is that in our preparation we avoided
systemic effects such as changes in blood pres-
sure and respiration induced by salicylate. In
addnlon, we were able to demonstrate ever-
sal of the salicylate effects (Pucl et al, 1990),
whereas Stypulkowshi did not, We therefore
concluded that cither Stypulkowski's results
reflect the changes In the physiologic state of
the animal, or we measured different —SP and
CM potentials,
However,-the point to emphasize is that

salicylate-induced CAP alterations are simtlar
to those induced by intense sound, but differ-
ent in terms of the ~$P, accerding to Puel et
al (1989, 1990). On the other hand, the ac-
tions of cytochalasin D are similar to those of
intense sound on both potentials. Cytochalasin
is thought to act on actin polymerization, $0
we speculated that 1t acts on the active pro-
cess, possibly the stercocilia (Barron et al,
1987). Salicylate, in contrast, has a much
greater cffect on the CAP than on the ~SP.
This led us to speculate that the drug acted at
a different site than intense sound—not the
stereocilia of the OHCs, Stypulhowski (198Y),
Brownell (1990), and:Brownell et al (1990)
present evidence that salicylate acts on the
OHCs. In contrast, in our experiments salicy-
late suppresses spontaneous activity before it
affects evoked activity in the afferent nerve fi-
bers, and it antagonizes the action of gluta-
mate (Puel et al, 1989). Because the ~SP is an
electrical event originating from the OHCs
and IHCs, and because of the lack of effect of
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Figure 44 Effect of pecfusion of quinine (n = §) through the petfymphatic compartment on CAP and NI fatency
as a function of intensity. Shown are functions recorded after predrug attificial pentymph pertuston (Postringes) and
after perfusion of vanous concentrations of quinine. (Erom Puel J-I, Bobbin RP, Fallon M, Salicylate, mefenamate,
meclofenamate, and quinine on cochlear potentials. Otolaryngol Head Neck Surg 1990; 102 66-73 )

salicylate on the =SP, our evidence gencrally
indicates that the drug acts at “expression” of
the active process, This could be the junction
of the hair cell to nerve fiber (Puel et al, 1989,
1990). We suggest that salicylate acts at the
transmitter release mechanism at the IHCs or
at the transmitter receptor cites on the affer-
ent endings.

What are the cffects of these drugs in
combination with intense sound? Cytochalasin
has not heen investigated in combination with
intense sound, although it would be an inter-
esting experiment given the possibiity that
the two.may act at the stercocilia..On the
other hand, McFadden and Plattsmier (1983)
present evidence that salicylate potentiates
the action of intense sound, It appears to me
that salicylate simply adds to the effects of In«
tensc sound in a manner similar to kynurenic
acid. I base this assertion on the clectrophysi-
ologic evidence presented above, which inds
cates that the drgs (kynurenic acid, salicy-
late) and intense sound act at different sites in
the cochlea, and that the effect of the drugs at
one site does not appear to fnteract with the
effect of intense sound at the other site.

Thus, in general, any drug_that acts at a
site different from one acted on by intense

sound may simply add to the cffects of the in-
tense sound. Of course here we are referring
only to those cases in which the sound 15 at an
intensity that affects the active process or acts
on the stercocilia, and in which the drugs are
reversibly ototoxic.

Drugs That Act
Differently from Intense
Sound on Cochlear
Potentials

Figure 4.4 illustrates the effects of quinine
petfused through the cochlea (Pucl et al,
1990). The effects of quinine on CAP and N1
latency are simular 10 the effects of kynurenic
acid. In general, the CAP input/output curve
shows a “paralle]” shift to the right and down,
whereas the latency curve is siufted to the
right and up, There 1s little evidence that the
drug selectively suppresses the low-intensity
portion of the CAP or the active process. If
anything, the drug affects both the active and
passive processes together.

Another major characteristic of quimnine 1s
the drug’s large, but approximately equal, ef-

P,
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Figure 4-5 A comparison of the cffects of quinine and nimodipine perfused through the perilymph compartment
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feora Puhl } 1, Bobbin RP, Falton M. Salicylate, mefenamite, meclofenamate, and quinine on cochlear potentials. Gto-
faryngol Head Neck Surg 1990, 102:66-73. Ntmodipine data from Bobbin RP, Jastreboff PJ, Fallon M, Uttman T, Nix
rodiping, an L-channel Ca?* antagonist, reverses the negathve summating potential recorded from the guinea pig

cochlea Heat Res, In press )

fect on the CM ard the ~SP (Fig. 4-5). In con-
trast s the action of nimodipine, an:L-type
Ca®* channel antagonist, which has a much
greater effect on the =SP than on CM, as
shown in Figure 45 (Bobbin et al, 1990). The
effect of nimodipine on CAP and N1 latency is
simular to that of quinine. The effects of both
drugs are readily reversible.

Quinine {s thought 10 act by blocking
ATP-dependent and Ca®*-dependent outward

‘K* channels (Petessen et al, 1986; Ohmori,
1984). Presumably these channels are ine
volved in the movement of K* out of the hair
ccll. Because CM is thought to be predomi-
nately 2 K* current, the large effect of quinine
on CM is in accordance with its known ac-
tions. The effect on SP i$ a result of the action
of the drug on CM,

In contrast to quinine, nimodipine 1s
known as a Ca** channel antagonist. These re-

et v et oot <Finas s et R S e e e 3 N s s
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sults then suggest-a rolcifor: Caz“ in the pro-
duction .of.the ~SP, “Many-possible mecha-
-nisms miay explain the dramatic effect of ni-
modlpmc on the ~SP. Tese include the
blockadé of a Ca** current, a Ca**-dependent
K" current, and 2 Ca”-dcpcndent shortening
ands lcngthemng, of OHCs (Bobbin et aly
1990). Conversely, Ca’ channelfamagomsts
are known to have.many actions other than
blockade of Ca** Lechannels.(Zetnig, 1990).
For instance, Sato ( 1989) observed a reddicr
tion In the endocochlear potential (EP) with
nifedipine,, another organic Ca** channel af-
tagomst. However, we did not detéct a change
in EP with nimbdipine.-In addition, Sato did
not duplicate the-cffect of.nifedipine on the
EP with 10 mm EGTA, which prébably means
that the change i in EP by nifedipine was not re-
fated to Ca®*,

We predict that, like salicylate and
kynurenic acid, quinine will simply add to the
cffects of an sound that damages the
active process or the steregcilia. In contrast,
nimodipine may réduce the effects of Intense
sound on the active process. The literature
suggests that this may be the case (Mann et al,
1987). Such a reduction may come about if ni-
modipine reduces the contractuat pull of the
OHCs on their own stereocilia.

Up to this point, the discussion has cen.
tered on an intense sound cxposure that af-
fects only the active process and In particular
appears to damage the stercocilia, On the
other hand, if the sound is intense enough to
affect the halr cell itself or to induce swelling
of the afferents, then the aboye drugs may
have different interactions with the sound, For
instance, Aynurenic acid.and salicylate may
prevent the damage to the afferents By block-
ing an outward K* channel, quinine may po-
tentlate the cffects of such an intense sound
by inducing an additional depolarization of the
cell,

Conclusion

Overall, it appears that the pharmacology
of drug action in the ear is becoming cleater.
We are beginning to understand the mecha.
nism of action of aspitin, quinine, and other
classic ototonic drugs, and new drugs atc
proving useful tools. In addition, there is new
knowledge of the mechanism of action of in-
tensc sound. With this new knowledge in
these two areas, we can make prcdxctiom as
to whether the drugs will or will not interact
with intense sound in damaging the cochlea.

Approche
‘Pharmacologique du
Traumatisme Sonore
chhle_a;re

Hlstoriqucment, plusieurs  -substances
chimiques ont été utilisées dans le but
d'augmenter ou de réduire les dommages co-
chléaires -induits- par un. traumatisme , acous-
tique. Ces substances appartiennent 2 toutes
Ies classes d'agents pharmacologiques: vita
mines, vaso-dilatateurs, tranquillisants, stimu-
Iants, antibiotiques ou anti-inflammatoires non
stéroidiens.

Notre laboratoire a utilisé plusicurs ap-
proches :xpénmcntalcs afin de tester des sub-
starices susccptlbles K3 imeraglr ou de prévenir
les effets d'un traumatisme acousuquc. Tout
d'abord, nous avons examiné laspect “stress”
grice A un prétraitement A la rcserpmc, une
drogue qui abolit Y'action du systéme nerveux
sympathique. Un tel traitement n'avait aucun
effet sur les dommages anatomiques induits
par un son intense de 4 kiz. Ensuitc nous
avons essayé de prévenir leffet traumatique
de ce méme son intense en Wtilisant lacide
amino oxyacétique connu pour réduire de
manitre réversible le potenticl endocochlé«
afre. Ce traitement atténuait Ja perte des cel
lules ciliées induite par le son traumatique.
Toutefois, lcs résultats Wétaient pas aussl clairs
lorsque cette étude fut reprise en utitisant des
technlques électrophysiologiques (Kisiel et
Bobbin, 1981).

D'autres données indiquent que le trau-
matisme acoustique ainsi que le glutamate (fe
neurotransmettenr présumé des cellules cil-
iées internes) provoquent des gonflements des
terminaisons afférentes sous les cellales cile
1ées, Dans le systéme nerveux central, le gluta-
mate est impliqué dans Ja mort neuronale.
Aussi, nous avons testé 'effet d'un antagoniste
du glatamate, Facide kynurénique, lors d'une
exposition 2 un traumatisme acoustique (Pucl
et coll,, 1988). Les résultats Etalent négatifs et
indiquaient que le son intense utilisé
waffectait que les mécanismes actifs (proba-
blement les stéréocils). Ces résultats in-
diquent ausst que Pintensité du son trauma-
tique utilisée nétait pas suffisante pour provo-
quer des gonflements des  terminaisons
nerveuses  affiérentes, De nouvelles études
devront étre effectuées en utilisant un trauma-
tisme acoustique plus intense,

La nimodipine, un bloqueur des canaux
calciques, abolit le potentiel de sommation
négatif (Bobbin et coll, 1989), Ceci indique
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que le potentiel de sommation niégatif reflete
un courant. calcique- dans-les .cellules. ciliées
evou les-Propriétés.contractiles des cellules
ciliées externes: Aussitil n'est pas Surprenant
que les antag calciques puissent réduire
Peffet d'un traumatisme acoustique (Mann et
coll, 1987)

En résumé, il semble que_plus on avance
Jans le domaine de la biologie et de Ia phar-
macologic cochléaire micux I'nteraction de
différentes drogues avec le traumatisme acous-
tique est comprise,
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CHAPTER 5

ROBERT PATUZZI

. -

Clinical Changes in
Human Nmse-lnduced
Hearing.Loss

Following, noise, exposure in human be.
JIngs, audiograms often show a characteristic
‘decrease In sensitivity in the 2. to 8:kHz re.
gion, commonly teemed 2 “noise-notch”
(Bifger, 1976) (Fig. 5-1). For those not dlready
familiar with the physiology of noise-induced
deafness, {t is useful to catalogue the most
common ‘featutes of the nolse-notch, These
are:

1. The hearing loss §s frequency-specific,
“ 2. The loss docs not-always occur at the

frequency of the traumatic exposure
(McFadden, 1986)..
3, Within the notch the frequency sclec.
tivity Is reduced (Tyler.and Tye-Murs
ray, 1986).
The car’s ability to cope with a wide
range of sound intensitles is reduced.
‘This is commonly termed *“recruit
ment* (McFadden and Plattsmier,
1982).
“There is commonly a distorted sense of
pitch within or at the edges of the le.

=

»

and Plattsmier, 1982).

.In a normal cochlea there are interac.
tioris between the frequency compo.
nents of a complex stimulus. If two
pure tonés are présented simulta.
neously, the response to one can be re-
duced by the presence_of the othen
Following acoustic trauma this “two-
tone suppression™ is reduced (Mlls,
1982; Salvi et al, 1982; E&chmiedt ct al,
1980a,b; Smoorenburg, 1980).

(=3

sion termed “diplacusis* (McFadden

Effect of Noise on Auditory
Nerve Responses

A In a normal cochlea, two pute-tone
stimuli can -also Interact to gencrate
other tones, known as “distortion™ or
“combination” tones. These tones are
clearly audible to the subject and can
be detected In the external ear canal
using a sensitive microphone (Wilson,
1980, Zurck, 1985) Following acous-
tic traima, the distortion tones ars re-
duced or abolished (Smoorenburg,
1980).

Correlates of Human
Data in Primary Afferent
Responses

These changes can also be observed in
the response of the primary afferent ncurons
innervating the cochlea, For example, the loss
of sensitivity within the noise-notch is due di
rectly to the loss of sensitivity of the neurons
innervating the site of the lesion (Cody and
Johnstone, .1980; Kiang et al, 1986; Liberman
and Mulroy, 1982; Lonsbury-Mactin and
Meikie, 1978; Robertson, 1982; Salvi-et al,
1982; Schmiedt et al, 1980). In Figure 524,
range of single-fiber frequency tuning curves
(FTCs) is shown, which was obtained in ex-
periments in 2 normal cat. Each of the curves
is the equivalent of 1 “pure-tone audiogram®
for a single affercat fiber, in that the threshold
of neural firing §s plotted versus the frequency
of the,pure-tone stimulus, Each curve pos-
sesses a sensitive-tip reglon, centered around
the most sensitive or characteristic frequency
(CF) for each fiber, and a relativély Insensitive,
low-frequency tail region, The CF of each fiber
is cotrelated with its site of innervation along
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Figure 52 A, Typical frequency threshold cunves (FICs) for single prmary afferent neurons ia the cat, The gross
sudiogram (dashed Jine) is defined by Ihc tips of the collecuion o 'ndividual FTCs B, After acoustic trauma (nac
!

row band noise, 115 dB $PL, 30 min), 2 localized

is obsceved sumlar to the human noise

n
notch. This 1s duc to loss of sensitlvity at the FTC tip. (Redrawn from Liberman and Mulroy, 1982.)

the cochlear length, in accordance with an ap-
proximately logarithmic place-frequency map
(Robertson and Johnstone, 1979; Liberman,
1982). The gross purc-tone audiogram, as
measured clinically, is defined by the tips of
the thousands of individual single-fiber FTCs
across the frequency range, and is represented
in Figure 5-2 by a dashed line. Note that the
results of Figure 5-2 are essentially in the for-
mat of the typical pure-tone audiogram for hu-
man subjects, except that the frequency range
in the cat is wider and sound pressure is in

units of absolute sound pressure level (dB
SPL) rather than the normalized units used
clinically (dB HL),

After exposure to a traumatic sound, a
noise-notch can be produced 1n experimental
animals that is similar to that seen 1n man, as
illustrated in Figure 5-2B. In this case, the
traumatic acoustic stimulus was narrow-band
noisc fasting 30 minutes. The loss of sensitiv-
1ty in the notch region can be scen to be due
to 2 loss of the sensitive tip region around the
CF of each FIC.

[
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This- frcqucncy‘dcpcndcnt -change- after
acousuc trauma can bc seen in more dcxad m
Figire 5-3, A, which<shows FICs before :md
after acoustic trauma for a single afferent peu-
ton. of thc spural ganglion in-the high fre-
quency region of the guinea pig cochlca
(Cody and Johnstone, 1980) The cutves in
Figure 5-3; A are-plotted in the more typical
format- of physiologic reports, ic, upside-
down rclative to the normal clinical audi6?
gram Before acoustic trauma, the "FTC pos-
sessed the-typical sensitive tip region around
the 21-kHz CFyand 2 low- frcquency tail region
that was about 75 dB less sensitive than the
tip After acoustic trauma, in this case a 15.75-
KkHz pure-tone exposure at 100 dB SPL for'7
minutes, the tip thresholds were elevated by
about 40 dB, and the CF changed from 21 kHz
before trauma to 14 kHz after trauma. /This
drop in CF is a typical feature of noise trauma
(hbcrman, 1981). Notice also that the thresh.
olds in the low-frequency tail region changed
litle. Changes on the tail are normally only
seen after more prolonged exposures, which
produce dramatic threshold clevation near CF,
This is also illustrated in Figure 5.3, 4. After
31 minutes of exposure to the traumatic stim-
ulus the FTC of the neuron was clevated fur-
ther around CF, and threshold elevation was
also observed on the low-frequency tail re-
glon. In such cases, it Is difficult to assign a CF
because of the frregular shape of the FTC, This
progressive change in neural tuning is typical
of changes observed after purc-tone cxpo-
sures, although it is possible to clevate neural
thresheld relatively cvenly over the whole
FTC with a suitable cholce of ic stimu.
lug (Liberman et a, 198G).

The change in sharpness or tuning of the
FTC can be quantificd by the Qpup value,
which is defined as the CF of the neuron di-
vided by the width of the curve 10 dB above
its CE point. In a normal cochlea, this ratio can
be as high as 10, but following noise-traama it
can be reduced to values below 2, For exam.
ple, In Figure 53, 4, the Q,o4p Value was 10
before trauma, but was reduced to 1.2 follow-
ing the 7-minute exposure,

Mechanical Component
of Noise-Induced
Hearing Loss

Many of the responss properties of the
primary afferent fibers can be explained by the
vibration of the organ of Corti within the co-
chiea (Patuzzi, 1986). This is illustrated in Fig-

ure'5-3B, where isodisplacement FT'Cs for the
vibration of the organ of Corti at & particular
_location in the high-frequency region Of the
guinea pig cochlea are presénted (Sellick et al,
1982), Three ‘cives are shown' the normal
FTC obtained-in a- cochlea with near-normal
neural thresholds, a cutve obtamed after gen-
eral dclenorauon of the preparation, and a
curve obtaincd after death. In the normal con-
dition, the micchanical FIC is highly. seasitive
and tuned, which explains the normal primary
afferent responsc (P.uuzzi and * *Robettson,
1988). However, after general dcxcnoranon of
the preparation, the mechanical sens:tlvhy is
reduced most near the tip region of thé tuning

.curve, with relatively small changes on the

tow- frcquency tail, After death the mechanical
scmitivuy is reduced furthcr near CF, but
again mininial changes aré séen on the low-
frequency tail.

Because these mechanical changes are
similar to the changcs in the ncugal response
after loud sound, it is tempting to proposc that

the ricural changes have a mechanical origin.
Certainly, the change in mechanical sensitivity
is closely correlated with elevation of neural
threshold after general deterioration of co-
chlear condition, as can be scen in Figure 5-3,
C. Here, the sound pressure required to pro-
duce a fixed neural response (a just-detectable
compound action potential from the auditory
nerve) is plotted against the sound pressure
required to produce a fixed mechanical re-
sponse (0,04 mm per second vibration of the
organ of Corti at CF).

This ¢ircumstantial evidence for a me-
chanical component in noisc-induced hearing
loss is supported by other observations. For
example, it is known that the mechanical
properties of the cochlea influence the move-
ment of the eardrum through the middle car
ossicles, thereby modifying the acoustic prop-
erties of the gar canal, If two pure tones are
presented to the external ear canal, the dis-

torted movement of the eardrum caused by
the distorted vibration within the cochlea pro-
duces sounds In the ear canal that are not
present in the original stimulus, Most promi-
nently, two tones at frequencics of fy and f;
produce another tone at a frequency of 2f; -

f;. Known 2as the “cubic difference tone,” this
acoustic distortion is reduced following loud
sound that clevates neural threshold, indicat-
ing a change/in the vibratton within the co-
chlea (Johnstone et al, 1990; Lonsbury-Martin
et al, 1987; Schmncdt, 1986; Siegel and Kum,
1982). Figure 5-3D shows the correlation be-
tween the reduction in gross neural sensitivity
(compound action potential threshold) after
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€xposure to a pure-tone traumatizing stimulus,
and the change in the:level of the'f; and f,
tones required to producc a fixéd level of 2fl
f, distortion tone in the car camal, Alxhough
this is not-a simple measu'e of the change in
organ vibration, these gesults do indicate that
noisedinduced hearing loss can be associated
with changes in vibration within the cochlea..

The simplest indication that vibration i
changed by acoustic trauma- comes * from di-
rect measurement of vibration bcfore and af-
ter acoustic trauma, Figure 5-3£ and F shows:
two examples of the increase in vibration am.
plitude of the organ of Corti with an increase
in the intensity, of a pure-tone CR stimulus.'As
the sound préssure is increased, the vibration
amplitude grows, but not in proportion with
stimulus amplitude. In particular, the ampli-
tude increases by only about 0.5 dB with each
decibel of increase in the stimulus, This none
lincar growth~or “compression™ of vibration
amplitude is 2 normal featute of the mechani.
cal response of the organ af Corti to stimuli in
the tip region of the tuning cutve, and is cru-
cial to the car's ability to cope with a wide
range of sound Intensity. However, aftce pro-
longed, intense stimulation, the vibfation be«
comes less sensitive to low stinulus levels,
but the scnsitivity is relatively unchanged at
high intensities. In'other words, the growth of
vibration amplitude with stimulus level is less
compressive, or more lincar, after tratima. It is
Interesting to note here that the small change
in vibration amplitude at high intensitics after
trauma argues against any suggestion that tem.
porary threshold shift after acoustic trauma is
in some way a protective mechanism in the
car: from a mechanical point of view, it offers
no protection at all,

Noise Trauma, Vibration,
and Active Process

The most widely accepted explanation for
these obscrvations is that the response propers
ties of the primary afferent neurons are deter.
mined by the release of neurotransmitter from
the basolateral walls of the inner hair cells,
and that the inner hair cell response is deter-
mined relatively simply by the vibration of the
organ of Corti (Patuzzi and Robertson, 1988),
Complications in understanding normal co.
chlear function anise because the vibration of
the organ of Corti appears to be assisted in its
vibration at low sumulus levels, but not at
higher levels, It now seems that the outer hair
cells (OHCs) of the organ of Corti apply

forces in synchrony- with- the: vibration that
partially or wholly cancel the inherent Viscous
damping that would,otherwxsc timit sensitiv-
ity. These forccs ate commonly - -termed “ac-
tive™ forces” becatise they appear to require
mctabohc energy, and' the*physiological pro-
Cess that generates them is commonly termed
the ““active nrocess” Its action in cinceling
viScous damping is also:referréd to as “negar
tive dampmg Importantly, the active process
and the generanon of these forces- appear 0
be controlled by the receptor currcms
thirough the OHCs, Or by the receptor poten-
tials these currents produce. In this sense, the
active _process is thought to be “electrome-
chanical® (ashmore, 1987; Brownell, 1983;

Mountain, 1986; Santos-Sacchi and Dilger,

1988).

This scheme is shown in Figure 5+4, in
which a sound stimulus produces pressure
fluctuations in the fluids within the cochlea,
producing vibration of the organ and deflec-
tion of the halr bundles of the OHCs and inner
hair cells (THCs). In both cell types this oscil-
fation-of the halr bundles opens and closes
fonle “"mechanoclectrical transduction chan«
nels* at the apex of the"halr cells, producing
receptor currents through these cells, and
consequently the receptor potentials within
them (Holton and Hudspeth, 1986). In.the
case of the IHCs, the intracellular receptor po-
teatial simply produces release of neurotrans-
mitter and vieural firing In contrast, the recepe
tor potential within the OHCs appears to con-
trol the active forces that assist vibration of
the organ, increasing mechanical sensitivity
ncar CR. The major 